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Preface

This report presents the results of a study by Working Group 12 of the Fluid Dynamics Panel of AGARD on adaptive-wall
wind tunnels. The participants in WGI2 represented Canada, France, Germany, Italy, Netherlands, Turkey. United Kingdom
and United States.

The driving force in the development of adaptive-wall wind tunnels is the improvement of the accuracy of experimental
results obtained in a wind tunnel of given size by virtually eliminating wall interference. This is achieved by the shaping of
impermeable walls or adjusting the distribution of flow through ventilated walls to conform as nearly as possible to a stream-
surface of the associated unconfined flow. Wall adaptation has become realistic through the development of fast computers. !
r nts an outstanding example of the symbiosis of experiment and computation.

Wall interference is most critical in the transonic speed range, on which, accordingly, the Working Group has concentrated
its activities. The scope of WG 12 is to review the history and state of the art of adaptive-wall technology, with regard to both the
various streamlining algorithms and the existing adaptive-wall facilities; to discuss limitations and open questions of adaptive-
wall methods and to compare them with passive-wall correction techniques; to assess residual wall interferences; to present the
prospects for high-productivity and unsteady flow testing with adaptive walls; and to make recommendations for future
developments.

The Working Group was first proposed by M.Laster (AEDC) and H. lornung but, by the time it was approved, Laster was
just leaving the Fluid Dynamics Panel. Unfortunately, it was also not possible to extend the membership of R.Kilgore (NASA
Langley RC), who would have made an ideal chairman for the Working Group and has given extensive support to it throughout
its term. The chairmanship thus devolved on H.Hornung, who was persuaded to stay on the Panel as a member for Germany for
the duration of WG 12's activities, though he had moved to Caltech almost at the beginning.

The Working Group derived considerable benefit from the existence of the Newsletter "Adaptive Wall" published by
NASA Langley RC. Clearly, this has provided an important vehicle for interchange of ideas in this field and it is hoped that it
will continue to play this invaluable role.

The Working Group has held four meetings:

October 1987 Giittingen, Federal Republic of Germany
April 1988 Toulouse, France
October 1988 Ankara, Turkey
April 1989 Hampton, VA, United States

The participants were

J.P.Chevallier France
C.Ciray Turkey (FDP member)
J.C.Erickson, Jr United States
H.Forsching Federal Republic of Germany (SMP member)
MJ.Goodyer United Kingdom
H.G.Homung Federal Republic of Germany (FDP member, chairman)
C.L.Ladson United States
A.Mignosi France
M.Mokry Canada
G.P.Russo Italy Accession For
J.Smith Netherlands
E.Wedemeyer Federal Republic of Germany NTIS GRA&1
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Avant-Propos

Ce rapport prescnte les r~sultats de 1'6tude effectue par le groupe de travail 12 du Panel AGARD de la Dyflamique des
Fiuides sur les souffleries i parni adaptable. Ont parttcipe ce groupe des representants du Canada, de la France, de la
Republique FMfrrale dAllemagne, de litalie, des Pays Bas, de la Turquie, du Royaume-Uoi et des Etats Unis.

Le but recherci~ dans Ie diveloppentent des souffleries i paroi adaptable eat d'amnAliorer [a precision des resultats
exp46rimentaux obtenus par une souffierie d'une taile donn~e en M1minant pratiquesnent tous Jes effets; de paroi. Ccci eat
obtenu soit par le profilage de parois etanches, soit par la modulation de I'6coulement a travers des parois ventiles afin de
reproduire au micux une surface de courant de l'dcoulement associe non confin6. Ladaptation de la paroi est devenue une
possibilit6 graice ii Ia misc au point des ordinateurs rapides. Elle represente un exemple remarquable de la symbiose entre
I'expeiimentation et le calcul.

Les effets de paroi sont Ics plus critiques dlans la plage des vitesses transsoniques et par consequent, Ia plupart des activites,
du groupe de travail ont porte sur ce domaine. Le mandat du groupe de travail No. 12 est le suivant:

- faire le point de ihistorique et de le6tat de Vart de la technologic des parois adaptables en particulier en cc qui
concemne les differents algorithmes utilises pour Ic calcul des lignes de flux.

- discuter des limitations imposes et des questions qui restent a resoudre dlans le domaine des methodes ii patois
adaptables, et d'en faire la comparaison avec les; techniques de cormection a parois passives.

- ivaiuer lea effets de paroi residuels.

- presenter let perspectives en cc qui concemne luptimisation du rendemtent ainsi que Ia realisation d'essais en
ecoulement instationnaire au moyen de parois adaptables.

- et faire des recommandations concemnant lea futurs travaux.

Le groupe de travail a et6 propose Ai lorigine par M.Laster (AEDC) et M.Hornung mais l'approbation n'a 6t obtenue que
tardivemnent au moment ois M.Laster allat quitter ses ftnctions aupr~s du Panel de Ia Dynamiquc des Fluides.
Matheureusement. il nia pas 6t possible non plus dobtenir la prolongation du mandat de M.R.Kilgore (NASA Langley RC) qui
cut 6t6 un president idMa et qui a soutenu cc groupe d'ailleurs tout au long de son existence. La presidence deccc groupe a donc
6t6 conflee ii M.Horxaung qui a it6 persuad6 de rester au Panel en tant que memnbre repreaentant le RFA pendant la durec des
activites du groupe de travail No.1 2, et ccci bien qu'il ait eu A assumer sea fonctions a Caltech conjointement avec ledebut des
travaux du groupe.

Le groupe de travail a puise librement dlans Ie bulletin "Adaptive Wall" publie par NASA Langley RC. Cette publication
sert de forum pour un echange de connaissances dans cc domaine et it est i esp~rer qu'elle continue a jouer cc r6le de toute
premniire importance,

Le groupe de travail s'est r~uni quatre fois:

octobre 1987 Gbttingen, Republique Fedralle dAllemagne
avril 1988 Toulouse, France
octobre 1988 Ankara, Turquic
avril 1989 Hampton. VA, Etats Urns

Lea participants itaient:

J.P.Chevallier France
C.Ciray Tarquie (FDP membre)
.C.Erickaon, Jr Etata Urns

H.Fdrscsing Republique F&ierale dAllemagne (SMP membre)
MJ.Goodycr Rioyaume-Uni
H.G.Hornung Republique F~dirale dAllentagne (FDP memnbre, priaident)
C.L.Ladson Etats Urns
AI.(ignosi France
M.Mokry Canada
G.PMusso Italic
J~mitli Pays Baa
E.Wedewsicye Republique Fdraie dAflemagne
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t. The Aims and History of Adagtive Wall Wind Tunnels

Editor: M.J. Goodyer

OtherContributors: J.P. Chevallier, J. Erickson, M.C. Lewis (University of Southampton),

P.B.S. Lissaman, H.H. Pearcey (NPL), E.W.E. Rogec., NPL), W.F. Hilton (NPL)

1.1 Introduction

The adaptive wall test section has its roots in the era The decade following 1935 was punctuated by the
when flight speeds were beginning to approach transonic on appearance of a variety of designs of test section intended to
the level or in dives, that is the 1930's. The engineers who make this upward extension.
were charged with looking ahead to the aircraft designs of
the near future, designs drawing on the most advanced The open-jet tunnel was quite conmonly used in
technologies available, among their various challenges had low speed testing and, when driven up to transonic speeds,
to provide data on aerodynamic performance at the high was free from the choking phenomenon and therefore could
speeds of projected military aircraft reach the desired speeds in the airstream ahead of the

model. However it did suffer a boundary interference,
By the mid 1930's there was already a fund of opposite in sign to that caused by a closed test section,

experience available to some countries and design teams, arising from the finite size and boundary condition of the let
notably arising from the Schneider competiton series which which introduced undesirable errors into the data
had just concluded, during which time fuels, piston engines Furthermore the flow at the model was too unsteady and
with propellers, airframe structures and aerodynamics, had the technique was abandoned for application to this speed
all advanced to a remarkable extent under the stimulus of range
competition. This is evidenced by the world speed record
increasing by 50% during the decade to 1935, from Mach
0.38 to Mach 0.58 in level flight, with the record held much 1.2 The Emeroence of the Adaptive Wall Test Section
of the time by sea planes. In addition, although the records
were set exclusively by piston engine powered propeller The obvious alternative was to devise a test section
aircraft, various forms of jet propulsion were under which had boundaries which could be controlled so as to
consideration which were to emerge very soon in military provide the required approximation to the free-air
service, such as the gas turbine based jet engine, the pulse jet streamtube. This is what is now called the adaptive-wall test
and the rocket. Speed was a prime goal with war section, which made its appearance in the late 1930's as a
increasingly in prospect. The aerodynamicists had to direct result of the aerodynamic difficulties already
attempt to provide experimental data at appropriately high described.
speeds, speeds which varied between projects from high
subsonic to supersonic The object of this historical review is to place on

record the more important steps in the evolution of the
During the following few years this climate adaptive-wall test section in its various forms from these

spawned a variety of new wind tunnels Quite quickly and early times up to about 1975 when the first examples of all
relatively easily (albeit at rather a small scale because of the of the modern varieties were well on their way Histories are
cost implications of the high levels of drive power) the always incomplete and inaccurate for a variety of reasons.
supersonic needs were satisfied at Mach numbers upwards For instance the volume of material to hand forces a
from about 1.4. The low bound was set by the dual distillation; facts are overlooked or become lost with the
problems of wave reflection from the walls of the test passage of time; the experience, information available to
section and the difficulty of starting a tunnel when using and the opinions of the author colour the choice of material
reasonably sized models. Tests at subsonic speeds in the to be presented. However it must be said that hitherto the
main were carried out in tunnels of conventional design, reporting of the history of adaptive-wall wind tunnels has
that is in tunnels having convergent contractions and closed been characterised by more than its share of factual
test sections. The upper limit in Mach number in these inaccuracies, but more seriously by errors of omission It is
tunnels was typically around Mach 0.8, set by choking. Thus hoped that this Chapter, assembled with the help of several
a dilemma emerged; a desire to acquire test information in a of those closely involved in almost all stages of the evolution,
speed range, the transonic range, which evidently was will be judged to form a balanced and accurate record.
unobtainable in the closed wind tunnel.

The development of adaptive-wall technology falls
The unobtainable band of Mach number, say from into two distinct and roughly 20-year-long eras, the first

0.8 to 1.4, arose because of effects of the proximity of spanning the period from the mid 1930's to the mid 1950's,
straight test section walls. the second beginning around 1970 and continuing to the

present.
Rarely is there the absolute block to progress just

suggested The aerodynamicist could, and did, turn to The initial development took place among a group
several alternatives which were free from boundary of engineers and scientists at the National Physical
restrictions, such as free-flight testing of various kinds, and Laboratory in England, with the origins of the design
the testing of models mounted on high speed sleds. traceable back at least to 1936. In that year a brief report
However the quality of data thus derived was not of a high appeared (Reference 1.11 in which the author, Dr. Gough of
order and neither was it easily or cheaply obtained. There the Engineering Division of NPL, advocated the use of two
was strong pressure to modify the wind tunnel to allow tests flexible walls as means for reducing blockage effects in the
to be performed at higher speeds than normal, in particular high speed testing of two-dimensional aerofoil models. He
on aircraft models at speeds significantly above those reported that in a parallel-walled test section where Mach
cached by the latest fighters. 0.95 had been reached when empty, the maximum was only

0.76 with a model present Furthermore the Mach number

5 . . .. .. .. .. . . .. .. .. . . .. ..



in the flow downstream of the model was noticeably higher. were obtained, representing a considerable effort for the
With some success he experimented with the use of fixed time. Work or 37 aerofoil sections is covered in /4 wartime
contoured liners in the test section to relieve the blockage, reports [1.61.
reaching Mach 0.83 upstream and downstream. To quote an
important paragraph from the report on the work, "It would Tests on various three-dimensional models are
appear that a different modification of the tunnel profile reported [1 6, 1.81, including bombs and the Meteor WWII
would be required for each different aerofoil section and for jet fighter. The test arrangement for the fighter model is
each air speed. This suggests that it would be useful to shown on Figure 1 2, and testing was concerned with the
employ flexible walls on two opposite sides of the tunnel, interaction of the flow from the wing brake-flaps with the
Flexible walls would also enable speed control to be exerted horizontal stabilizer To quote from the text covering this
by means of a variable throat downstream of the model topic, "The flexible walls of the tunnel were used ,n each

.A more expanded description of the tunnel and the experiment to give conditions approximating to the free air
experiments which led to this conclusion appeared in a case".
widely available form [1.21 in February 1937. The tunnel was
duly fitted with flexible walls and the first reports on tests
appeared in November 1937 [1.31 and September 1938 [1 41

lutl 7 jI \\\\\\\\-

FIGURE1.1 THE ORIGINAL ADAPTIVE WALL WIND -
TUNNEL, THE 5 INCH X 2 INCH TRANSONIC -

TUNNEL AT THE NPL, ENGLAND IN 1938 .. ..

The first adaptive wall test section was 2 inches
wide and 5 inches deep, the tunnel running at atmospheric
stagrntion rondtions a U ', r-en by a compressj air
injector The narrower walls were made from flexible steel,
0.01 then later 0.015 inches thick, controlled by six equally
spaced jacks on each wall The developed form of this test FIGURE 1.2. A GLOSTER "METEOR" WWII JET FIGHTER
section is sketched on Figure 1.1. During the first model MODEL IN THE 20 X 8 ADAPTIVE WALL
tests, on three aerofoils with the walls crudely streamlined TRANSONIC TUNNEL AT NPL, ENGLAND
(evidently streamlining criteria had not yet been
established), reference or free air Mach numbers up to 0.97
are recorded at zero incidence. As a result of experience NPL also constructed a low speed flexible walled
with this small tunnel, opinions were formed on geometrical wind tunnel, having a 4-foot test section [1.91, which was
features including the desirable length of the test section running by 1944, evidently to gain large scale experience f .
and the jack spacing. The engineers not only showed that an even larger tunnel which was never built.
higher speeds could be obtained with a given model in a
flexibletunnel rather than in a rigid tunnel, but also that the The 20 by 8 inch transonic adaptive wall wind
Mach number returned to the free air value downstream of tunnel continued in service until around 1954 when it was
the model. They noted and quantified a thickening of the supplanted by ventilated types, which were becoming the
wake [1.41 with increase of Mach number, in various tests standard partly because ventilation was then believed to
from Mach 0.73 to 0.97, as evidenced by the size of the sonic offer an interference-free environment and partly because,
throat which they were forming with the downstream jacks. by adjusting automatically to changes of model or flow, they
The tunnel continued in use for many years and finished its were much more convenient to use. It is interesting to note
days at Southampton University (1.51. that in tests reported in 1951 [1 10j, leading to the adoption

of ventilation by NPL, the 20 by 8 inch tunnel was used as the
Almost immediately NPL built a larger adaptive wall standard by which the new ventilated designs were judged,

tunnel, also induction driven, called the 20 by 8 inch and because the blockage in the adaptive wall tunnel "... is
fitted with flexible walls along the 8 inch sides In fact the thought to be negligible"
test section was nominally 1 7 5 inches deep by 8 inches wide
This tunnel became a workhorse [1 61 and was running by As has already been suggested, the hypothesis
May 1941 [1 71. Most of the testing was of two-dimensional underlying the adaptive wall test section is that a model is
aerofoils The standard model had a S-inch chord and tests free from wall interference when tested inside a finite
typically went up to Mach 0 85 Usually the measurements streamtube which coincides with a streamtube in free air
were of aerofoil pressure distributions and wake surveys, around the same model. In two-dimensional flow in an
supplemented by shadowgraph, schlieren, and surface flow impervious test section a pair of walls needs to follow a
visualization, Under pressure of war they carried out an convenient pair of streamlines.
impressive amount of high speed aerodynamic work in this
tunnel To offer some perspectives, among the many jobs At the formative stage NPL were concerned with
was a test on a section fitted with a 25 percent control two-dimensional tests as has been seen, and the process of
surface where about 1000 complete pressure distributions choosing a pair of wall contours which could be accepted as



representing streamlines in free air required the vented to plenum chambers lying behind the flexible walls.

development of a convenient and practical streamlining and the venting took the form of longitudinal slots.

algorithm. Their introduction by NPL seems tv have 0.02 inches wide [1 131, between each strip and also along
progressed through three stages. The first was that used in the edges where the flexible walls approached the rigid

the very earliest tests in the 5" by 2" tunnel (1 41 where the sidewalls The four slots thus formed had an open area ratio

method of streamlining the walls, when the test section was of about 1% It was noted [1 141 that the choking Mach

empty or contained a model, was to adjust the contours " number with straight walls was higher than expectation but

so as to give the least possible variation in static pressure at that time the phenomenon was not associated with the
near the walls, this being taken to represent a near approach existence of the slots Their significance in this respect

to free-air conditions" The principal aim of the adaptive became apparent only after slotted test sections emerged
wall test section at this time was to relieve blockage, solid for transonic testing
and wake.

It was discovered at the end of the war that a large
This algorithm was replaced [1.71 by a method transonic wind tunnel had been built in Germany (at

somewhat later attributed [1.1 to an unpublished theory Ottobrunn near Munich) variously described as having a 3

by Sir Geoffrey Taylor. To quote [1.71 "It is intended to metre [t.tS1, 9 foot (1 161 and 7 foot [.171 test section with

adjust the walls, when making measurements on an aerofoil, flexible walls at the top and bottom, adjusted by screw jacks

to positions half way between the taper that gives uniform The second of these references states that "Although the

pressure in the empty tunnel and that giving uniform possibility of modifying wind tunnel corrections in this way

pressures in the presence of the aerofoil. Theoretically - had been borne in mind, the main object of the Munich

though not allowing for compressibility effects which may tunnel was rather to control the position of the shock-wave

be assumed second order, at least until shock waves to a point in the tunnel well downst'Pwm of the model, by
supervene - the walls should then very nearly correspond to introducing a throat there. In this way, speeds much nearer

streamlines surrounding the aerofoil in free air." the speed of sound at the model were anticipated ." The
tunnel was complete but had run only for five hours,

The third stage is detailed analytically in a 1944 reaching Mach 0.85. From the foregoing it seems possible
report (1 121 under "Original Method for Finite Lift " The that, given time, the users of this tunnel might have
modification to the second method arose because the graduallydeveloped interference-alleviation methods.
necessary step of adjusting for constant equal pressures
along both walls was only possible, when lift was present, by In France a small wind tunnel [1 181 was operated
bending the axis of the tunnel through a finite angle This using more-or-less adaptive principles The sonic wind
was not possible with their geometry of test section and the tunnel of the Fluid Mechanics Institute of Lille (IMF[), built in
alternative scheme was adopted of adjusting the walls to 1948, had a rectangular test section (0.04m x 0 24m x 0 6m)
constant pressures differing on the two walls by an amount equipped with deformable top and bottom walls (seven
depending on lift. The walls were then set to positions half jacks for each wall)
way between these contours and the straight. The fourth
stage of development is given in the same report 1 121 To be used in the transonic range this wind tunnel
under "Revised Method of Wall Setting" where the principal was fitted with two slotted walls and two deformable
change was to set 0.6 of the mean constant-pressure counter-plates behind them to control the secondary flow in
displacement from straight, modified by an amount the plenum chamber To determine the best adjustment of
calculated to allow 'or the deflection of the infinite the counter-plate shape, two similar models were used
flowfield by the lift. The lift was obtained from model During a first test with a small model, a great number of
pressure plotting or from wall pressures. pressure measurements on the lateral wall gave the Mach

number distribution on the line corresponding to th. wall
It should be mentioned here that two researchers relative position for a larger model. During a second test

who were heavily involved with using the 20 by 8 tunnel with the large model in the test section, jack positions may
from around 1942 onwards (Dr. E.W.E. Rogers and Professor be found to obtain the same Mach number distribution
H.:;. Pearcey) stated in recent discussions that they did not along the floor and ceiling.
recall the use of the fourth stage. Their recollection was of
the third stage algorithm, but with the walls moved 0.6 of The same device and this method are also used in a
the way towards constant pressure. wind tunnel of the St. Cyr Institute,

The streamlining criteria used by NPL were based on While the NPL adaptive wall tunnels continued in
the outcome of analyses of potential flowfields. service for another ten years until the mid 1950's, as far as
Computations of imaginary flowfields coupled with the the evolution of adaptive wall techniques is concerned there
ite iiive convergence to streamlines, a feature of most is little more to report aside from some NPt tests, at Mach
modem adaptive wall operations, would have been too numbers up to unity, on swept wing panels spanning the test
laborious to contemplate. It is ironic that binary code section [1.19, 1.201.
electronic digital computers were in regular use for
deciphering at that time just 50 miles away at Bletchley Park,
but were highly Classified and not available for general use. 1.3 The hainninas of the Modern Era. c.1970 to 175

The aim of these researchers, to make the walls of Between the two periods of activity on adaptive
the test section follow closely the streamlines which would walled wind tunnels there were about 15 years when the
have existed in their locations when the model was ventilated designs were used exclusively and very widely in
immersed in an infinite flowfiold, forms a common and transonic testing. Work of any kind with the flexible walled
principal thread throughout the development of adaptive wind tunnels was discontinued. However the early hopes for
wall techniques. Further, as aerodynamic testing is taking zero wall interference with ventilated test sections were not
place because viscous flows cannot be computed reliably, no realised and the practice developed of estimating and
attempt is made to compute the shapes of streamlines applying corrections to the measured data. Sometimes the
around a model, corrections were disturbingly large in the light of the

uncertainties of the boundary conditions, notably in tests
Several of those at NPL during this period near to the speed of sound with three dimensional models

(Dr. Roge , Professor Pearcey and Dr. W.F. Hilton) draw and more generally in two dimensional testing.
attention to a constructional feature of the 20 x 6 tunnel Simultaneously the standards desired from tunnel data waer
which, with the benefit of hindsight, can be seen to have rising and the various sources of imperfection in the test
had en aerodynamic consequence. The two flexible walls environment came under scrutiny, including high turbulence
were each formed from three longitudinal strips of steel, end noise, low reynolds number, support interference as
1.02 inches thick. The ability of this material to withstad en wall aswll intrference. In two research establishment at

aerodynamic load was recognised as being limited and least. I .21, 1.221. there was also concern over the volume of
therefore some pressure relef was built Into the design of th plenum chamber which is a feature of ventilation, This
thse tunnel Thus, in pratic, the test s n region was vronment led to the emergence of the Adaptive Wal.
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The aims of the new designs of test section were without limits, the complete concept of the active boundary
now somewhat different, coloured by the experiences of control was proposed in a short internal note in July 1972
recent times. The dominant aim remained the control of [1 271.
wall interference at high subsonic speeds which drove NPIL to
the adaptive wall in the first instance, but in some cases the The different means for applying the new concept
aims now included new but lower priority features. The with perforated or solid walls was discussed but without any
elimination of the plenum is one example The reduction of proof of convergence of the iterative adaptation process
turbulence by the elimination of ventilation is another. In all
cases the groups devised new wall streamlining algorithms During the end of 1972 and the beginning of 1973.
based on the computational methods now available, which as it was requested to demonstrate the feasibility of
allowed the quantification as well as the reduction of transonic tests with adaptation, a numerical simulation was
interference attempted and almost a year was devoted to this tedious

task, since the internal flow field computations had a poor
The development of new test sections proceeded convergence

with two-dimensional models as test articles, in test sections
having two plane walls and two walls modified to the From the end of 1973 to mid 1974 a small wind
adaptive mode tunnel (S4LCh-ONERA Chalais-Meudon) was equipped with

two deformable walls [1 28]. The tests performed during
In reading the following accounts of events the autumn 1974 on an existing model (NACA 64A0t0 at M =

total dominance at that time of the ventilated test section 0.866) led to positive conclusions.
should be borne in mind, also that the generation of
aerodynamicists which had struggled with alternatives These encouraging results were presented at an
before adopting ventilation and who were familiar with AGARD Mini-Laws Group Symposium on the transonic test
some of those alternatives, had moved on, quite often into section (ONERA - France 5-6 Sept 1974) [1 291. and also at
retirement. It may not be excusable but the younger the "Groupe Sectoriel Franco-Sovietique Aeronautique" in
researchers addressing the above problems were not aware November and during a technical discussion on 10 December
of the other transonic test section design options which had 1974
already been investigated. They began to reinvent. This
despite the fact that unclassified material was readily From the end of 1974 to mid 1975 more experence
available describing the alternatives. it seems likely that was acquired by using in S4LCh the NACA 64A010 airfoil at
genuine reinvention ocicurred in several places over a few 60 of angle of attack and different Mach numbers and the
years centered on about 1970, more-or-less simultaneously following topics were studied: how to define the reference
and more certainly independently That is not to suggest conditions without an empty tunnel calibration, how to
that the modern tunnels do not feature any originality, quite work with an internal supersonic region extending from wall
the contrary A common feature of the modern wind to wall, what are the consequences of some defects of
tunnels was the computation of inviscid flowfields exterior adjustment.
to the test section, a subject which is expanded upon in
Chapters 3 and 4 In October 1975, J.P Chevallier presented the paper

"Soufflenie transonique A parois auto-adaptables" at the
At that time there were various phrases used to AGARD Symposium on Wind Tunnel Design and Testing

describe the concepts but which have now fallen from use, Techniques in London [1 281. This paper included all the
such as Self Correcting and Self Streamlining From hereon results of the initial demonstration experiments
in :his report the concepts will be grouped under the more
familiar Adaptive Wall heading Antonio FERRI. New York University

In the light of the independence of actions it is not An AGARD report of December 1972 contans the
proposed to explore the contentious issue of claims for statement (t 30 p221 by Ferri that he proposed a concept of
which person or which organisation was the 'first", partly adaptive walls in 1970, the statement suggesting that he
because a claim would depend on the measure, such as the might have in mind the notion of variable porosity To
first to propose or the first to build it appears that six quote 

"  
we can change locally the porosity at the wall in

researchers were involved as principals in this period, order to decrease the interference, provided we are capable
Following is a brief chronology of events derived from of analyzing what happened 

" 
This was made at a point in a

discussions and publications. The order in which they are discussion where attention had been drawn to the severe
presented is alphabetical The institutions are those with interference existing in ventilated test sections at speeds
which they were associated at the time. close to Mach 1. which was limiting the size of models and

therefore attainable Reynolds numbers Reduction of
interference was seen as a way to relieve the problem

J.P. CHLEVALUER. ONE RA

In January 1973 an article appeared in the AIAA
In 1970 the AGARD expert's meeting on -engine Journal [1 31] in which he gave the theoretical outline of a

airplane interference in transonic tests and wind tunnel wall general correction method for ventilated transonic test
interference for airplane with lift in transonic tests" showed sections I-e forecast two alternative applications the
clearly the state of the art and its drawbacks determination of porosity characteristics which eliminate

interference or the calculation of wail :orrections The
Working on this subject Professor Chevallier tried to application of the analysis would require the experimental

overcome the Mach number limitation inherent to the linear determination of streamline deflection and pressure near
theory by using a small transonic perturbation code, the tunnel walls
following the publications of Murman and Cole [1 231,
Krupp (1 241, it was provided by Chattot and published later In February 1973 Fern and his co-workers issued a
(1 251 preliminary report (1 32 on tests carried out in a 15-inch

square slotted test section at the Flight Dynamics Laboratory,
To compute the perturbation field due to the wall. under contract to the AFOSR and ONR Two-dimensional

the difference between the streamlines in the unlimited and circular arc sections were tested at zero angle of attack and
limited floWs was introduced at the wind tunnel boundary the Mach numbers of 0 91 and 0.9s, with measurements of
[1 261 This promised to take into account the real behaviour their pressure distributions. Measurements were also made
of the transverse component of the flow even with the of static pressure and flow angularity using probes
development of boundary layers along perforated walls, but positioned inside the test section near the walls The data
it became evident that an active control of the transverse allowed estimates to be made of the required wall porosity,
flow was necessary to reduce the interference Since the or the vnction in tunnel cros sectional area, required for
code used to compute the airfoil field provided numerically interference-free flow. The research effort was continued
the functional relationship between the two perturbation (1 331, still using tentilation by mea of longitudinal slots,
components as well in an external flow field extended with the test conditions extended to include lifting cam
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The wall interference was modified by adding strips of tape circumstances of the sheared wing, cascade, ground effect
to approximate to a contour calculated from measurements and free jet. He discussed in analytic terms the outlines of
togivezerointerferenceatzeroangleof attack methods to determine, in an iterative manner, the

adjustment of the shape of an impervious test section
Michael J. GOODYER, NASA Langley Research Center and leading progressively to low levels of interference His
Southampton University research proposal was for a paper study of the methods

initially, followed in due course by phases of further
Magnetic suspension systems for wind tunnels were development leading to two and three dimensional

in use at small scales at that time for testing three experimentation. He seriously considered the prospects for
dimensional models at subsonic speeds and up to hypersonic patent protection.
speeds but excluding the transonic range above about Mach
0.8. A group at Langley Research Center were reviewing There is no evidence available suggesting that the
future work on the development of magnetic suspension contract was awarded However the documentation does
and addressed transonic testing. A major concern with the serve very well to highlight the fact that the adaptive wall
transonic speed range was the size and cost of the levitating test section ideas which emerged in this era were far from
electromagnets positioned around the test section These being confined to any one person.
dominate system cost which becomes a strong function of
the air gap between the magnets and the model, and the Paul RUBBERT, The Boeing Company
dynamic pressure of tests. The plenum chamber, associated
with all transonic tunnels at that time, increased the air gap The motivation behind Rubbert proposing the
and therefore cost predictions at a time when the testing adaptive wall test section was a 1970 aircraft project at
community was striving for much higher Reynolds numbers. Boeing, the Advanced Transonic Transport designed for
itself driving up scale, dynamic pressures and cost. around Mach 0.98. He was aware of the poor test data

emerging from ventilated tunnels at this Mach number and
Goodyer reviewed the reasons for the slotted test wished to employ a new principle.

sections in use at Langley Field and came to the conclusion
that they and their plenum chambers could be replaced in He concerned himself mainly with
principle by suitably contoured solid walls, thus allowing the three-dimensional testing, this being the prime interest of
electromagnets to be positioned more closely to the model his employer. A draft of a paper outlining his proposals
The idea was quickly embodied in the simpler alternative of entitled "A General Concept for Elimination of Wind Tunnel
two-dimensional testing for immediate experimental Wall Interference with Emphasis on STOL" (22p, 9 Figs)
exploitation, the ideas being placed on record at Langley emerged in 1972 and is held on record by NASA at Langley
Field during July 1972 ('Transonic Test Section Design", 10 Field. In the report he outlined the need for active control of
July 1972, and "Self-Adapting Flexible Test-Section Walls", the tunnel wall contour, or the inflow distribution for a
14July 1972 [1 34]). permeable wall. He discussed applications to STOL, high

subsonic and transonic three-dimensional testing, and high
An existing low speed wind tunnel having a square lift and transonic airfoil testing, and gave streamlining

test section was modified during the first part of 1973. The criteria.
modifications were for two-dimensional tests and comprised
the installation of two flexible walls top and bottom inside Rubbert visited Langley Field in 1973 and gave a
the normal walls, controlled by manual jacks, and the presentation with viewgraphs (also held by NASA) extending
addition of a suitable contraction to the flexible walls. Wall his ideas particularly with respect to two-dimensional
streamlining was performed first for the flow around a high testing. Notable among the ideas presented was the outline
blockage (22%) circular cylinder in June 1973 then around a of a method for rapidly converging impermeable walls to
lifting aerofoil during July 1973, using an HP desktop streamlines in two-dimensional testing, together with a
computer for the streamlining computations. A photograph method for calculating residual wall interference corrections
taken of the aerofoil model and streamlined walls during for an imperfectly set wall. This method was later proposed
this series of tests has been published [1.35]. independently and then developed by Judd [1.40] who

found that the underlying analysis needed modification
In the period 1973 to 1975 the tunnel continued to because of wall divergence problems arising from an

be used, and modified in the light of experience, for aerofoil aerodynamic coupling between the two flexible walls. The
testing and for tests with a higher blockage (29%) circular methods are in regular use in at least three adaptive wall
cylinder [1.211. NASA built a two-dimensional aerofoil wind tunnels (1.40 - 1 42), under the computer code name
model of NACA 0012-64 section and 5.4 inch (13.72cm) WAS1I
chord. This was tested at appropriate Mach and Reynolds
numbers in the 74-feet (228 6cm) deep Low Turbulence It is unfortunate that Rubbers was not able to
PresAure Tunnel to provide interference-free performance proceed to the hardware stage.
data. The model was then used at Southampton in tests in
the much shallower 6 inch (5.2cm) adaptive wall tunnel. William SEARS, Cornell University
During this period also a tunnel was built [1.361 for creating
cascade flow around a single turbine blade, and plans were Dr. Sears attended the AGARD meeting on high
laid to commence the construction of an automated Reynolds number facilities in Gottingen during April 1971
two-dimensional transonic tunnel under NASA Grant. The and began to reconsider transonic wall interference. Shortly
low speed experiences were summansed at the AGARD 1975 thereafter, he contacted Calspan (then Cornell Aeronautical
meeting 11.371. Laboratory) with the adaptive-wall concept, which he

initially called a "Self-Adjusting Wind Tunnel". Calspan
PeW USSAMAN, Northrop Corporation personnel, principally Dr. Alfred Ritter, Dr. John C Erickson,

Jr., and the late RobertJ. Vidal, with Dr. Sears as a
From around 1967 Dr. Lissaman had been consultant, proposed a theoretical feasibility study to the

considering the problems of wall interference at low and Office of Naval Research (ONR). The ONR contract was
transonic Speeds He formed the opinion that some form of awarded to Calspan in November 197 1.
control over boundary conditions was required which led
him to pr'oduce a research pr'oposal 11.38). The aim of the concept in the SeerslCelspam

approach was to improve upon existing ventilated-wall

In this document he reviewed older ideas (but capabilities so that reliable, interference-free data could be
evidently was unaware of the NPL work) and drew attention obtained at higher transonic Mach numbers then was
to a Louvre scheme for use in the relief of jet/wall possible at that time. From the beginning the Sears/Calspan
interference [1.391. He listed as difficult to correct (or implementation was planned using perforated walls,
impossible in severe circumstances) several flow types basically like those of the Calspon Eight-Foot Transonic
including strong soperation, reflected waves and Tunnel, but with adjustable wall porosity and/or plenum
multi-energy flows. He proposed streamlining criteria for ressure. The plans were to demonstrate the fundamental
infinite flowfields as well as the less conventional validity and feasibility of the concept experimentally, as

Ir rr -nmnIl nmmu m• ll
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quickly as possible, in two dimensions. Then attention could 1 3 Aerodynamics Division, N.PL Further Development of
be turned to three-dimensiona' test sections for testing a Rectangular High Speed Induced Wind Tunnel ARC
typical flight vehicles 3260 November 1937

The fundamental principle of the Sears 14 Bailey, A and Wood, SA Further Development of a
adaptive-wall concept is that interference-free flow can be High Speed Wind Tunnel of Rectangular Cross-Section
verified by obtaining agreement at the interface (control British ARC R&M 1853, Sept 1938 In: Technical Report
surface) in the distributions of two independent flow of the Aeronautical Research Committee, 1938, Vol II,
disturbance quantities as measured and as calculated by the pp 753-768
exterior flow functional relationships between the two
quantities. 1.5 Cobb, SM The Interference due to the Walls of a

Two-Dimensional Wind Tunnel with some Attempts to

From late 1971 to spring 1972 many discussions Reduce it. M.Sc. Thesis, Aeronautical Engineering
were held with U.S. Navy (ONR), Air Force (AFOSR, AEDC, Department, University of Southampton, England.
Flight Dynamics Laboratory) and NASA (Langley Research March 1953,
Center) personnel concerning the concept and its
implementation. These led to a proposal for an 1.6 Holder, DW The High-Speed Laboratory of the
experimental demonstration in two dimensions using the Aerodynamics Division, NP L - Part I, II and Ill. British
Calspan One-Foot Transonic Tunnel. This included the ARC R&M 2560. December 1946 Later issued as a
design and fabrication of a new adaptive-wall test section British ARC Monograph R&M 2560, 1954
with the associated equipment. During this period (in
January 1972 at the AIAA 10th Aerospace Sciences Meeting) 17 Beavan, JA., and Hyde, G A.M. Interim Report on the
Sears gave an outline of his proposed principles [1.30, p21); Rectangular High-Speed Tunnel including Some Pitot
he also proposed his original ideas on application of the Traverse Measurements of Drag of the Aerofoil EC
adaptive-wall concept to the high lift and large flow 1250 British ARC R&M no 2067 February 4 1942
deflections that are typical of V/STOL testing, later brought
to fruition at the University of Arizona. 1.8 Pruden, F W Tailplane observations on a model of

F940 at high speeds ARC 664Z,.April 194S

In June 1972 a contract addition was awarded to

Calspan for test section design and fabrication so that an 19 Preston, I H , Sweeting, N E and Cox, D K The
experimental demonstration could be performed Funding Experimental Determination of the Two Dimensional
was provided jointly by the ONR and the Air Force Office of Interference on a Large Chord Piercy 12/40 Aerofoil in
Scientific Research Work proceeded during the following a Closed Tunnel Fitted with a Flexible Roof and Floor
year on test section design, an instrumentation investigation British ARC R & M 2007 September 1944.
and the development of exterior flow calculation procedures
for both linearized subcritical and nonlinear transonic small 1.10 Holder, D W , North, R J and Chinneck, A.
disturbance representations of the flow. Numerical Experiments with Slotted and Perforated Walls in a
demonstrations of the adaptive-wall iterative procedure in Two-Dimensional High Speed Tunnel. British ARC
subcritical 0.431 and supercritical [1 44, 1.451 flow were R&M 2955. November 1951.
performed

.ill Seavan, I.A. and Hyde, G.A.M. Compressibility
The following two years saw the appearance of Increase of Lift and Moment on EC 1250 for Low Speed

hardware Tests on a NACA 0012 airfoil model were carried CL 0.17. British ARC R&M 2055 September 1942
out in the Calspan Eight-Foot Transonic Tunnel to acquire
reference two-dimensional data that are considered to be 1.12 Lock, C. H. and Beavan, J.A. Tunnel Interference at
free of wall interference 1I 461. Fabrication of the adaptive Compressibility Speeds Using the Flexible Walls of the
wall test section, its checkout and empty-tunnel calibration, Rectangular High-speed Tunnel British ARC R&M
instrumentation development, operational investigations 2005 September 1944
and hardware modifications were performed. During this
time several meetings were held with personnel from ONR. 1.13 Hilton, W F and Fowler, R.G Use of the 20 in. x 8 in
AFOSR, AEDC, Air Force Flight 0:,iamics Laboratory, NASA High Speed Tunnel (Fitted with Flexible Walls) at
(Ames and Langley Research Centers), and Advanced Supersonic Speeds National Physical Laboratory
Technology Laboratories. The adaptive-wall concept and report NPLIAero/138. 28 March 1946
implementation were discussed extensively in a Workshop
Meeting on Transonic Tunnel Wall Interference Effects at 1.14 Beavan, JA. Limiting Mach Number for Aerofoil Tests
NASA Langley Research Center in May 1974. In April 1975 in the 20 in. by 8 in. Rectangular High Speed Tunnel
additional funding to complete the initial demonstration British ARC 8720, May 1945
experiments was received from NASA Langley Research
Center 1 15 Hartshorn, A.S. and Squire, H B Notes on a Visit to

Southern Germany, Aug 10-22 to Investigate German
A separate contract was awarded by NASA Ames Aerodynamic Research on Cooling Ducts RAE TN Aero

Research Center in May for a preliminary low-speed, 1694, May 1946,
three-dimensional adaptive-wall investigation with VISTOL
testing as the ultimate application [reported later in 1.47]. 1.16 Smelt, R. A Critical Review of German Research on

High-Speed Airflow The 696th Royal Aeronautical
Robert J. Videl presented the paper, "Experiments Society Lecture. October 1946. In: RAeS Journal, vol.

with a Self-Correcting Wind Tunnel", at the October 197S 50, December 1946, pp 199.934.

AGARD Symposium on Wind Tunnel Design and Testing
Techniques in London 11.45. This paper included results of 1.17 Goethert, B.H. Transonic Wind Tunnel Testing.
initial demonstration experiments AGARDograph49 Pergamon Press, 1961.

1.4 h refam s 1.18 Martinot-Lagarde, A., Gontier, G and Nguyen Van
Quy Sur la realisation dens une vine de soufflerie

I I Gough, M J The Development of a Rectangular High transsonique des contitions de milieu illimitt
Spee Induced Wind Tunnel ARC 2721 November C.RAc.Sc Paris 9Mai 1960
1936.

1.19 Lock, C.N H. and Fowler. R.G Yaw and Sweep-back at
1.2 aIley, A. and Wood, S A. The Development of a High High Mach Numbers Brttish ARC 8718 May1945

Speed Induced Wind Tunnel of Rectangular Cross
Section. British ARC R&M 1791 February 1937 In 1.20 Leaven, J A. and Bumstead, N. Test on Yawed
Technical Report of the Aeronautical Research Aerofoils in the 20 x 8 in. High-Spled Tunnel British
Committee, 1937. Vol 2, pp. 1304-131a ARC R&M 2458 July 1947
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1.21 Goodyer, M.J. The Self Streamlining Wind Tunnel. 1.40 Wolf, S.WD and Goodyer, M.J Self Streamlining
NASA TM-X-72699 August 1975 Wind Tunnel. Low Speed Testing and Transonic Test

Section Design-Semiannual Progress Report, April

1.22 Schtueler, C.J. Experimental studies in a Ludwieg Tube 1976 - December 1976. NASA CR-145257, October
Transonic Tunnel In VKI Lecture Series 52, Belgium. 1977.
January 1973 1.41 Goodyer, M.J. and Wolf, SW D The Development of a

1.23 Murman, EM. and Cole, J.D. Calculation of plane Self-Streamlining Flexible Walled Transonic Test
steady transonic flows. 8SRL D182 0943. January Section. Presented at the AIAA 11th Aerodynamic
1970. Testing Conference, Colorado Springs, March 18-20,

1980 In: Technical Papers, CP801 (A80-26929). pp.
1.24 Krupp, J.A. The numerical calculation of plane steady 325-335 Also AIAA Journal, vol 20, no 2 February

transonic flows past thin lifting airfoils. BSRL D180 1982, pp 227-234.
129581. June 1970.

1.42 Wolf, SW D. and Goodyer, M J Predictive wall
1.25 Chattot, J.J. Petites perturbations transsoniques. adjustment strategy for two-dimensional flexible

RechercheAerospatiale. No. 1975-S. walled adaptive wind tunnel - a detailed description
of the first one-step method. NASA CR-181635,

126 Chevallier, J.P. Calcul des corrections de parois en January 1988

soufflerie transsonique. 9eme Colloque AAAF. Paris 9
November 1972. 1.43 Erickson. J C Jr and Nenni, J.P A Numerical

Demonstration of the Establishment of Unconfined-
1.27 Chevallier, J.P. Corrections de parois en transsonique. Flow Conditions in a Self Correcting Wind Tunnel.

NT. 4/1865 AN. Juillet 1972. CALSPAN-RK-5070-Ad1. November 1973.

1.28 Chevallier, J.P. Soutflerie transsonique a parois auto- 1.44 Vidal, R.J, Erim.vson, J.C. Jr. and Catlin, P.A.
adaptables. AGARDCP 174,1976. Experiments With a Self-Correcting Wind Tunnel

Presented at Symposium on 'Wind Tunnel Design and
1.29 Chevallier, J.P. Soufflerie transsonique auto- Testing Techniques' London, England. October 6-8

correctrice AGARD Mini-Laws group meeting ONERA- 197S In. AGARD-CP-174 (N76-25213#). March 1976,
France 5-6 September 1974. paper no 11

1.30 Lucasiewicz, I (Ed.) Aerodynamic Test Simulation: 1.45 Sears, W.R., Vidal, RI ,Erickson J.C. Jr and Catlin, PA.
Lessons from the Past and Future Prospects. Agard Self-Correcting Wind Tunnels: Concept and
Report 603 December 1972. Demonstration (two reprints) CALSPAN-RK-5070-A-4

October 1975.

1 31 Ferri, A. and Baronti, P. A Method for Transonic Wind
Tunnel Corrections AIAA Journal, vol. II no 1. 1.46 Vidal, RI., Catlin, P A and Chudyk, D W Two-
January 1973 pp 63-66 Dimensional Subsonic Experiments With a NACA 0012

Airfoil. CALSPAN-RK-5070-A-3 December 1973.
1.32 Baronti, P., Ferri, A and Weeks, T. Analysis of Wall

Modification in a Transonic Wind Tunnel. ATL-TR-181. 1.47 Erickson, JC Jr Application of the Adaptive Wall
AFOSR-73-1900. TR February 1973. Concept to Three-Dimensional Low-Speed Wind

Tunnels. NASA CR-137917. CALSPAN-RK-5717-A-1.
1.33 Weeks, T M. Reduction of transonic slotted wall September 1976

interference by means of slat contouring. AF
FDL-TR-74-139, March 1975

1.34 Goodyer, M.J and Wolf, S W.D Development of a Self
Streamlining Flexible Walled Transonic Test Section.
AIAA Journal, vol 20 no 2 February 1982 pp. 227-
234.

1.35 Baals, D.D and Corliss, W R. Wind Tunnels of NASA.
NASA SP-440, 1981, page 139.

1 36 Wolf, S W.D Turbine Blade Cascade Testing in a
Flexible-Walled Wind Tunnel. Project for B Sc.
Honours Degree in Aeronautical Engineering,
University of Southampton, Apr. 1975

1.37 Goodyer, M.J A Low Speed Self Streamlining Wind
Tunnel. Presented at the Symposium on 'Wind Tunnel
Design and Testing Techniques,' London, England.
October 6-8, 1975. In. AGARD-CP-174, March 1976,
Paper no 13.

1.38 Lissaman, P.B.S. Feasibility study of interference free
wind tunnel, NCL 70-52P. Northrop Corporate
Laboratories, 1970.

1.39 Kroeger, Richard A. and Martin. Walter A. The
Streamline Matching Technique for V/STOL Wind
Tunnel Wall Corrections. AIAA Paper No.67-183,
January 1967
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2.0 FACIITIEFS

Editor: C. L Ladson

2.1 Introduction

During the first meeting of the Working Group, it was apparent that the assessment and interpretation of the current level of the
technology could be achieved most easily if the investigators themselves provided the information in a common format. This would
also minimize any danger of misinterpretation by third parties of existing published information. As a result, the Group developed a
questionnaire and distributed it to all involved in adaptive wall research.

The questionnaire solicited information on the mechanical details of the facilities as well as details of the adaptation strategy itself.
The scope of testing accomplished and future plans were included. The information contained in the responses is summarized in this
and subsequent chapters. This information was the source for much of the data in this report. Because some of the data contained in
these questionnaires is not discussed elsewhere, they are reproduced in their entirety as an Appendix to this report. The questionnaire
is also presented to serve as a guide to the written responses.

2.2 Liast of aillities included:

This section of the chapter presents a list of all facilities for which data has been received.

Belgium VKI TWT SI

France ONERA S4 L Ch
ONERA S5 Ch
ONERA/CERT T2

Germany DFVLR DAM
DFVLR HKG
DFVLR TWG
Technical University of Berlin TUB (2D)
Technical University of Berlin TUB (3D)

Italy University of Naples AWWT

Peoples Republic of China Northwestern Polytechnical University NPU AWWT

United Kingdom National Physical Laboratory 5 x 2 in.
National Physical Laboratory 20 x 8 in.
University of Southampton Cascade Blade Tunnel
University of Southampton SSWT
University of Southampton TSWT

United States AEDC IT
AFWAL/FDL 9 in. Pilot
Calspan/ATC I ft.
NASA/Ames Research Center 25 x 13 cm
NASA/Ames Research Center 2 x 2 ft
NASA/Langley Research Center 0.3-m TCT
Sverdrup Technology AWAT
University of Arizona HLAT

2.3 Description of facilities:

This section of the chapter presents a brief description of each facility along with a sketch or photograph. The current status of the
facility is also given.

It is appropriate to mention at this time that many of the facilities listed herein are no longer operational or are operated only on a
limited basis. This is a result of the technology development status of these facilities. They were constructed to demonstrate the
validity of a concept or operational technique. When this was successfully demonstrated, the facility had fulfilled the design purpose
and was delegated to other research areas. Several of the facilities are in the graduate departments of universities and used only when
needed to meet the testing needs of the students. The few facilities which were designed for routine testing and are completely
automated still are only pilot models for the large production tunnels of the future.
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Fadlt Dnsmdm Transonic Windtunnel SI
Orpaolm von Karan institute for Fluid Dynamics-oaW Belgham

The test section of the Vi Si transonic wind tunnel is 0.4 m squae. In 1981, this facility was equipped with both straight and
contoured wall blocks. Two bodies of revolution were tested to verify the method developed for using two dimensional adaptation for
three dimensional tests. This was the first experimental demonstration of three-dimensional testing with two adaptive walls. These
were the only adaptive wall tests conducted in this facility.

Facility Designatem S4 L Ch
Orgniation: ONERA
CcunW.y France

The ONERA S4 Lamh Wind Tunnel is a continuos flow dlosed return tunnel which operates at ambient temperature This facility was
used for adaptive wail test section development: fromt about 1973 to 1977. The adaptive wall test section is 22.5 ain square and 70 an
long Both the top and boto walls are foIeble. Each fA e wall is dtivn by ten jacks, unequally spaced, which are manually
actuated
Two airfoi model. underwent limited ta for the purpose of evau tina esting techmniqumes and adaptation algorthms. For three
dimensional tesing a wu body model andetwee vbylmtdtss ie purpose of these test was to evaluate the level of model
pertubations mesre t walls, Althoug the failt isill opefrational, no adaptive wall work has been accomnpiahed since 1977.
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Facility Designatiaeu S5 Ch
Organization: ONERA
Country: France

The ONERA SS Ch wind tunnel is a continuous flow dosed return supersonic tunnel which operates at ambient temperature and a
Mach number of 1.2. The adaptive wall test section for this facility is 22.0 cm wide, 18.0 cm high, and 95cm long. It has solid side walls
and adaptable top and bottom walls. These adaptable walls are formed of 150 transverse sliding plates which are 2.0 m thick. They
are preset to a given contour prior to a given test program. The time to compute and set the walls to a given shape and install the test
section is about one week.
This facility with the adaptive wall test section has been used to test both two- and three-dimensional models with strong shock waves
which reach the top and bottom walls. Two cylinder models and a delta wing at high angle of attack have been tested to date. The
adaptive wall test section for this facility is still active.

Facility Designation: T2
Organizatio ONERA/CERT
Country. France

The ONERA 17 adaptive wall wind tunnel is one of the Most active facilities In the devloment of test techniques in use at this time.
The tunnels* an driveun dosed circuit transonic cryogenic facility. The adaptive section is 39.0 cm wide, 37.0 cm high,
and 1.4 mi let . All four walls are solid with the top and bottom being flei le These flexible walls are each driven by 16 jacks.
The adaptive walls we-e placed in operation in 1978 and first operated at cryogenic conditions in 1981. The facility i in active use at
the present tine.
The 2 faclty has been extesively used to produce both two- an three-dimensiona laerodynamic data. Four airfoil shapes as well as
seni-Van &n sting meunted models are included in the test propans. Both basic research and industrial support programs are
supported in this facility.



Facilt Daiguntl DAM
Orgaulzatlon: DFVLR - Gflttingen

The Rube Tube Test Section of High Speed Wind Tunnel (DAM4) is one of the few facilities designed far the single purpose of

three-dimensional testing. The test section is 80.0 cm in diameter and 2.4 to in length. It is constructed of rubber 6 cm in thickness.

There are 8 longitudinal rows of jacks equally spaced around the circumference. Each row consists of 8 equally spaced jacks. The
Mach number capability is from 0.2 to 0.93.
From 1984 to 1987 this facility has been used to provide three-dimensional data on many configurations including bodies of revolution

and winged lifting configurations. One of the objectives of this type of facility is to provide a data base of fully adapted

three-dimensional data with which other less complex approaches can be compared.

Facility Deaignation: HKG
Organlzatiow. DFVLR - Gflttingen

The 2-D adpieTeat Section of the High Speed Tunnel (11KG) is a transonic blow down tunnel which has hew need for limited

thredmesioaltemsg, The teoo section is 67 cm wide, 72 cmhih and 2.2 m i length. 1[esd al;aergdadtetpand
walls &Me- Eacsfh e wall WDis driven by9 pirs of jacks. Ib. Mach number capabilit Is from 0.3 to 0.90.I * is

we at btain data on thmreenadonal sting4upported modeiL Two bodies oreluinadaswept wi pressure distriution
model have been tested to date. (in the above photo, the teat section is shown in the supersni coneigurtiee)
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Facility Designtation. TWG
Organizatioun. DFVLR - Gdttingen
Country- Germany

The Transonic Wind Tunnel Gdttingen (TWO) is a transonic slotted wall tunnel which has been used for adaptive wall research. The
test section is 1.0 m square and 3.1 m in length. The side walls are solid and there are 4 slots in each of the slotted walls. The slot width
(or porosity) is independently adjustable. The Mach number capability of the facility is fronm 0.5 to 2.0.
Although the facility is capable of two- and thsree-dimensional testing, only two-dimensional airfoll tests have been made with the wall
adaptation process. The Mach number range of these airfoll tests was from 0.6 to 0.85.

Facilty Designstloec TU B (21))
Oanlaz to Technical University of Berlin

The Technical Universit of Berlin adaptive wall facility is a eontinuous flow open tunmel which operates at atopei stagnation
prnr.The 21) test section Is 15 cm square and 69 cm ;1onf The to and bottom walls are flesible and the sidewallk are aolid. Each
ildl alIs driven by 13 jadr. lT.e Mach numdber rang the L I ftrn 03 1o095.

This failfity has been used to teat both two. and three-dmnsionaM .7iss one of the firat facilties in which three~dlmensional
test were made in a facility with only two adaptive walls.
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Facility Deslgnatim- TUB (3D3)
Organhiau University of Berlin
Countrr. Germany

The 3D test section of the Technical University of Berlin was the fist adaptive wail tea section designed for three-dimensional testing.
It has 8flexible wallswith the top and bottom walls driven by 9jaksand all other walls by 10 jackts. The test section is 18 an wide, 15
am highs, and 83 cm long. The joints between adjacent walls are sealed by a number of overlapping strips of spring steel One end of
each strip is attached to one wall and the other end is fmto side onthe adjacent wall. The Mach number aability isfrom 03 to 1.3.

Aseries of bodies of revolution and wing body models have been tested in the facility. The test section wa ped in loperation in 1980
andhssbeen in use up to 1987.

Facilit Designatlon Adaptive Walls Wind Tunnel (AWWI)
OrgniztionL Istituto di Aerodinamica "Umberto Nobile
Counr' Ita*

The Istituto di Aeradinamica 'Umberto NoWA haa under construction an adaptive wall continuous flw ope retin bft. The test
section is 20 an square and I m in length The Math numhe Maaiiywl be upto 0.5. The top ant! botI waftals M~ew
the side walls are sold, lath flexile wall will be diva by 16 jsthL Thefadlity Is desine for two-diesoal testing apailt.
Initial operation is atheduledl for late 1988.
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Facility Designatim NPU AWWlT
organized=aa Northwestern Polytechnical University

Cows leaR ublic of China

The Northwestern Polytechnical University Adaptive Wall Wind Tunnel ia a continuous flow low speed tunnel which operates at
ambient conditiona. The teat section is 23.8 cm wide, 25.6cm in height and 1.3 in long. Both top and bottom walls are flexible. There
are 21 screwJacks and 21 preaaure taps located on each wall with the spacing varying along the tunnel length.
Both two- and three-dimensional teata are performed in the facility with a two-dimensional adaptation method. A circular cylinder
model and an airfoil model have undergone teats as well as a three-dimensional wing body model. The tunnel is currently operational.

Facility Deaignation: 5 x2 inch
Organization: National Physical L.aboratory (NFL)
Coantryt United Kingdom

Inlet Flare
Wind Tunnel Injector

teattio se..on It.. was. inueut. bu
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Facility Designaion: 20 x8 inch
Organization: National Physical Laboratory (NPL)
County: United Kingdom

Streamlined Section -Throat

Contraction 4.45c 3.9 2.16 Win Tu ne

_____ -Pressure OrificesJ
Flexible Walls -I3.5c

ReferenceI__

c= Aerofoil chord (=5.0 inches) Scale 1:10 approx.

The National Physics Laboratory (NPL) 20 by 8 in. adaptive wail tunnel was based on the design of the smaller 5 by 2 in. facility which
was built earlier. The test section was 20.3 cm wide and 50.8 cm high. The tunnel was induction driven and operated at transonic
speeds up to a Mach number of about 1.0.
This facility first operated in early 1941 and was operational until about 1955. Although the wail adaptation was a manual process, a
very large number of both two- and three-dimensional tests were conducted in this tusnnel.

Facility Designalim Cascade Blade Tunnel
Organzatim University of Southampton
Coisntry-~ United Kingdom

The Prototype Cssasmd asd Fkledbewaflhd Wind Tunne ofteUiesty of Southampto mao wyqedird type of facility.
Construceud in 1974/75, it was maid to teat sing untwisted hig"l cambered turbine blad btensldsewalk, resresuttinscascade Rlow. The top and bottonm wails were &&kibl and driven by 14 and 12 manually operated ja~z resectlvel. The teat sectinwas 7.6 em wide and 5.6 cm high. The tunnel was a continuous faj-drivus open return type and opeated at a Macht number of sbout0. 1. The hfaclt is no longer operationaL
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Fadlty DespationsI Low Speed Self-Streamlining Tunnel
Organizatlsm University of Southampton
Ceunr: United Kingdom

The Low Speed Self-streamlining Tunnel (SSWT) of the University of Southampton has been in operation since 1973. This facility is a
continuous flow fan driven open return tunnel which operates at a Mach number of about 0.10. The test section is 30.5 cm wide and
15.2 cm high. The top and bottom walls are flexble and the sidewalls rigid. Each flible wall is driven by up to 18 jacks, depending
upon the stage of development of the test technique. The length of the controlled walls is 127.3 cm. The control of the jacks is manual.
Four models have been tested in this facility. Two-dimensional tests included two symmetric airfoils and a circular cylinder. A swept
wing which completely spans the test section has also undergone tests to assess this testing capability. This tunnel is still operational.

Facility Designation: Transonic Self Streamlining Tunnel
Organization: University of Southampton
Country : United Kingdom

The University of Southampton Tramnsonic S-streamlining Wind Tunnel (1WT) Is an intermittent, dosed return, induced flow
tunnel which operates at atmospheric stagnation conditiom. The test section is 15.24 cm square and the ontrolled walls are 111.8 cm
long. There are 20 positioning on each wall but only 19 are used in the adaptatlon prooes. The flible walls as well as the
sidewalls are solid. Control of the flexible wall is completely automated and under computer control. The mxdmum Mach number
capability of the facility is quoted to be about l.8.
This facilty has been etensively used for both two- and three-dimensional tests. Models tested include three 2D airfoils, two sidewall
mounted wigs, and a sting mounted wing-body model Most of the modela tested wee also tested in other facilities to p.roide for a
comparison of the results. This tunnel is still operational and is being used primarily to develop three-dimensional testing algorithma,
and techniques for two-dimensional testing through Mach 1.

.,.mm ,mmmmmm mmm ( mm~mm 1 mm mlmN
m

O
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Facility Delgnatlen IT
Orpahatde AEDC
CAuntrr. United States

The Arnold Engineering Development Center One-Foot Aerodynamic Wind Tunnel (1T) has been used to develop the 3D
Adaptive-Wall Test Section. The facility is a continuous flow nonreturn tunnel with a 2D fle'ble nozze The adaptive wall test section
is 30.5 cm square and 95.3 am long. The Mach number capability is from 0.5 to 1.0. The walls of the test section are perforated with 60
deg. inclined holes and the porosity is variable from 0 to 10%. The top and bottom walls are each divided into 24 segments and the
sidewalls each into 8 segments. The adaptation process is accomplished by indepenalent control of the porosity of each segment and by
global plenum pressure control
The facility has been used to develop algorithms for three-dimensional testing capability. One wing body model has been tested which
was also tested in a 4 foot tunnel. Comparisons of the resulting data were used to establish validity of testing technique. This facility
was designed to develop the test techniques only and has not been operational since June 1985.

Facility Deslgnation: 9 in. Pilot
Organization: AFWAL/FDL
Country. United States

The Air Force Wright Aeronautical Laboratory 9-inch Pilot Self-Adaptive Wall (SAW) Wind Tunnel was one of the first
three-dimensional adaptive wall facilities to be constructed. The tunnel is a blowdown to atmosphere type and the maximum Mach
number capability is about 1.0. The test section is 22.9 cm square. It has solid sidewalls and flexible top and bottom walls. These
fleible walls each consist of 9 parallel longtudinal cylindrical rods. These rods are controlled by three manual jacks at the upstream
end followed by 10 motorized jacks. Each rod may be individually controlled to provide three-dimensional streambinng. They may
also be set to the same position to simulate two-dtmensinal streamlining
Two three-dimensional tests were conducted in this facility. They included a body of revolution and a wing body model. Both three-
and two-dimensional contouring of the walls were used in the test prolgmm This facility was one of the first to demonstrate the
capability of using two-dimensional adaptation for three-dimensional testing. Most of the research in this facility was conducted
between April 1981 and December 198m The tunnel is no longer operational.
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Facility Designation: I ft.
Organizatim: Calspn/ATC
Country. United States

The Caspan Corp. Advanced Technology Center One-Foot Tunnel was a continuous flow, closed return, variable density tunnel. The
adaptive wall test section was 30.5 cmn high, 254 cm wide, and 1.68 m long. The Mach number capability with this test section was from
0.55 to 1.0. This facility was a two-dimensional tunnel with rigid sidewall, and perforated top and bottom walls. The nominal wall
porosity was 22.5%. The plenum above the top wall was divided into 10 independent segments and below the bottom wall into 8
segments. The pressure in each of these plenum segments could be independently varied.
This facility was one of the first adaptive wall facilities and was fabricated, calibrated, and operational from 1973 to 1980. Two airfoil
models were tested in the facility to demonstrate the proof of the concept. The tunnel has been inactive since 1980.

Facility Designatlon: 25 x 13 cm.
Organization: NASA/ARC
Country- United States

T. Flexible
C-ompr...r Throat

r A Ze.tI

V~

M. ifA. r o t.
: VS te n~

The NASA Ames Research Center 25 by 13 cm tunnel is a continuous flow indraf type tunnel with a flexible downstream throat for
Mach number control. The maximum Mach number capbility is about 0.8. The adaptive wall tesn section is 13 cm high, 25 cm wide.
and 74 cm long. The sidewalls are solid and the top and bottnm wails each have 10 longitudinal sots. The open area ratio is 12%. The
top and bottom plenums are separate and are eakh divided into 10 separate segments for two-dimensional testing and 18 segments for
three-dimensional tests. By means of suction and blowing. the pressure in each segment is independently varied. The oporatin of the
control valves for the adaptation process is manual.
One airfoil and one semi-span wing have been tested in this facility. It has been inactive since 1981.
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Facilty Deslgntin 2 x 2 ft.
Orpnheti NASA/ARC
Comar. United States

The NASA Ames Research Center 2- by 2-Foot Transonic Wind Tunnel is a continuous flow, dosed return facility dedicated to

research and industrial operation. The adaptive wall test section is 61 cm square and 1.52 m long. It has slotted top and bottom walls
and solid sidewalls. These sidewalls are constructed of stitlieren quality glass for complete optical access to the flow field. The plenum

chambers for both the top and bottom walls are each divided into 32 segments. A slide valve controls the pressure in each of these
segments independently. The valve position and chamber pressure are computer controlled. The tunnel is capable of both two- and

three-dimensional tests. The original operational date for this facility was late 1988. In early 1989, a decision was made to terminate
further development of this facility.

Faclity Designato 0.3 m TC
Organato: NASA/LaRC
Country United States

The NASA langley ReuPc Ceott 0.3n nson Crognle n isb a ontuous flow fan diven pr tnei usnitrogpa as--the t miaLt, Th~eadaptie wailtest seci a 3 quaread 1.42 m c The top ad bottomwais re, lexible
and theasidewalk are solid. 'The fladhieowalk redrIven by 18Jackseach. The electrtc stpper motors whicht drivethejacksare
conmputer contr'olled. The adaptive wail test secton for this facility was placed in ope.ra.tion in March. 1986.. ,
Thisa test section has been teed to test both two-dimeamloaa airfoils and three-dmttonm semi-span models. A teat of a sting
mounted wingl body model I beingl planned. The facilIty ia presently operational and supports both basi rmearch and Industril test

prop'ama.

__ _
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Facility Designation. Adaptive Wall Automotive Tunnel
Organization Sverdrup Technology
Countr. United States

The Sverdrup Technology Corporation Adaptive Wall Automotive Tunnel (AWAT) is a special purpose low-speed wind tunnel.

Developed as a pilot tunnel to evaluate the capabilities of testing high blockage automotive models, it ts strictly a three-dimensional

facility. The adaptive wall test section is 30.5 cm high. 61 cm wide, and 2.44 m long. The top wall consists of 6 independent longitudinal

slats, each sidewall 3 independent slats, and the bottom wall is solid. Each slat is contoured by 17 manually set screw jacks. The Mach

number capability of the facility is from about 0.05 to 0.20.
Three automotive models of different blockage ratios have been tested to date. First operated in the late 1970's, the tunnel has been

inactive since March 1987.

Fadlty Desilnatim: Arizona Adaptable-Wall Wind Tunnel
Organization: University of Arizona
Countsy. United States

The University of Ariona Adaptable.Wall Tunnel is aothr of the special purpose adaptive wal fadlitiea. A low speed (M -01)

open raeus tunnel, it Is, designed for high lift V/STOL type three-dimnsiaonal model testing The test section is 50.8 an scluare and
1.15 mlong. The adaptive wails are contructedi of venetian blind type louvered vanes and the ontrol is by segmented rotation of these

One neric V/STOL transport model has been tested to date. The lat use of the facility was December 1987.

vane. On Vanw- ,
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3. STRENtLININGALGORITIIISFORCOMPLETEADAPTATION adaptation was recognized immediately as being an
iterative process. A principal feature of the

Editor: J. C. Erickson, Jr. concept Is that there is no requirement for a
Other Contributors: J. P. Chevallier, M. J. theoretical representation of the flow about the

Goodyer, H. G. Hornung, A. test article.
Mignosi. W. R. Sears (Uni-
versity of Arizona), J. Smith
and E. Wedemeyer

3.1 Introduction 1 r o m .- S

Chapter 1 of this report gives a history of -
adaptive-wall development up to about 1975. That
material will not be repeated here, although the
period called the beginnings of the modern era
(1970-1975) will be discussed from the point of
view of algorithm and facility development. For
purposes of the adaptive-wall algorithms to be
described here, the modern era Is considered to
have begun with the simultaneous, independent
recognition of the concept of matching an experi-
mental inner flow across an interface to a com-
puted outer flow by Chevallier, Ferri, Goodyer,
Lisseman, Rubbert, and Sears, as detailed in
Section 1.3. An historical survey at this point Fig. 3.1 Schematic of transonic flow about a

in the chapter makes possible presentation of test article in an adaptive-wall

material later in the chapter in a more general test section wth interface sur-

and coherent fashion without concern for the face S separating inner (I and
chronology. Other surveys of modern adaptive-wall outer (11) regions (from [3.341).
development have been given by Davis [3.11,
Ganzer (3.21, [3.3[, Wedemeyer [3.41, and Sears and It was important initially to investigate
Erickson[3.51. the nature of the iterative procedure before

attempting hardware development. Consequently,
Fundamental investigations of the adaptive- numerical simulations were performed with the

wall matching concept by means of numerical simu- measurements in the experimental inner flow over
latiors and theoretical considerations are the test article replaced by a computational
described In Section 3.1.1. An overview of the representation. These simulations not only led to
development and operation of 20 adaptive-wall practical and efficient iteration procedures, but
facilities from about 1970 until the present is also facilitated design and operational studies
given In Section 3.1.2, followed in Section 3.1.3 of such important questions as the effects of
by similar material for 3D adaptive-wall facili- test-section length truncation and errors in wall
ties from approximately 1978 until the present. A settings and interface measurements.
general formulation of adaptation strategy is
presented in Section 3.2. with a theoretical Although many of these simulations probably
basis for adaptation described In Section 3.2.1 were not published, several were. Calspan ATC
followed by 20 flexible, impermeable-wall appli- demonstrated the concept numerically in 20 incom-
cations; 20 ventilated-wall applications; 30 pressible flow [3.61 and in 20 supercritical flow
flexible, impermeable-wall applications; and 30 using a nonlinear representation based upon
ventilated-wall applications in Sections 3.2.2 to numerical solutions of the transonic small dis-
3.2.5, respectively. Representative experimental turbance equations (TSDE) [3.71. Later simula-
results are given in Section 3.3, with 20 in tions [3.8 modeled the Calspan ATC One-Foot 2D
Section 3.3.1 and 3D in Section 3.3.2, followed adaptive-wall test section. ONERA also used 20
by a discussion of limitations and open questions linearized subsonic and nonlinear TSOE represen-
In Section 3.4. The references for Chapter 3 are tations for development purposes [3.91, 13.10!.
In Section 3.5. Southampton University performed 20 incompres-

sible simulations [3.111 to examine many aspects
of the operational procedures. Numerical simula-

3.1.1 Adaptive-Wall Interface Matching Concept tions were carried out by Technical University -
Berlin for 20 incompressible flow [3.121, 13.131

The basic concept of an adaptive-wall wind and supersonic flow [3.141, and in 30 for sub-
tunnel is to match two independent flow-distur- sonic, subcritical flow [3.151. AEDC investigated
bance quantities measured at an interface in the 20 simulations for linearized subcritical and
tunnel experiment to the same quantities computed nonlinear supercritical flows based on numerical
from an interference-free outer flow beyond the solutions of the TSDE [3.161-13.181. Everhart at
interface. The configuration is shown schema- NASA/Langley Research Center 13.19!, [3.201
tically in Fig. 3.1 for a 3D, perforated-wall developed a 20 Cauchy-integral formulation of the
test section where the interface, S, separates outer-flow calculation for a closed contour sur-
the inner, experimental flow region, I, from the rounding the model in linearized compressible
outer, computed flow region, II. Note that the flow. Everhart simulited iterative adaptations in
shaded zone in Fig. 3.1 denotes the domain beyond low-speed flows about a circular cylinder and an
the ventilated wall, but not the entire outer airfoil, and one experiment was performed. Much
region II. Any adjustment of the flow by means of of this work was carried out in 1977, but was not
wall control affects the entire flow field, so published until 1983. Recently, Schairer at
that both tho inner, experimental flow and the NASA/Ames Research Center [3.213 has performed
outer, cumputationai flow will change. Therefore, numerous 20 simulations with both linearized com-

*The research reported herein was performed in part by the Arnold Engineering Development Center
(AEOC), Air Force Systems Comnd. Some of the work and analysis was done by personnel of Calspw
Gorporation/AEOC Operations, operating contractor of the AEDC aerospace flight dynamics facilities.
Further reproduction Is authorized to satisfy needs of the U. S. Government.
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pressible and nonlinear TSDE representations of generalized to 30 by further development of the
the flow within an adaptive-wall test section. Green's theorem approach of 13.321. Subsequently,
For 3D adaptive-wall tunnels, numerical simula- Ashill and Keating generalized the analysis of
tions have been reported by Sears at the [3.32] to an adaptive-wall one-step method
University of Arizona [3.221, [3.231 for a test [3.331. Further discussion of the concept and
section designed for powered lift and large flow techniques of "one-step" methods is given in
deflection with ventilated top and bottom walls Section 3.2.1.
and solid sidewalls; by Wang at the Chinese
Aeronautical Establishment, Harbin [3.241 using When the flow is supercritical at the inter-
numerical solutions of the TSDE; and by Mendoza face, nonlinear equations of motion, e.g., the
at NASA/ARC [3.251 for linear compressible flow TSDE, must be used. In the supercritical cases,
in a ventilated test section with solid side- the linear one-step methods are no longer
walls. The results of all of these 20 and 3D sim- strictly valid. The lack of linear superposition
ulations were used to guide the experimental renders the mathematical problem associated with
design and implementation of adaptive walls. The derivation of one-step methods much more com-
basic adaptation strategies that evolved are plicated, if not impossible. A discussion of many
discussed in Section 3.2. of the implications of the nonlinear aspects of

the calculation procedures are touched upon in
An alternative way of investigating the the discussion of residual-interference correc-

iterative procedures was by more general theoret- tions for nonlinear flow in Section 6.2.2 of this
ical simulations of the iterative adaptive-wall report.
process within the framework of linearized com-
pressible flow represented by the Prandtl-Glauert For completeness, it must be mentioned that
equation. These investigations began in about the interference-free environment represented by
1975. Lo and Kraft 13.161 used separation of the outer-flow boundary conditions does not
variables and Fourier superposition techniques necessarily have to be for flight in free air.
initiated by Weeks [3.261 to prove the con- Sears [3.34] and Goodyer [3.351 have considered
vergence of the adaptive-wall iterative scheme in flow over test articles in ground effect, Goodyer
the 20 nonliftlng case of a symmetrical airfoil. 13.351 has described the simulation of steady-
An important result of the Lo and Kraft analysis state pitching in free-air flight, and Davis
was the determination that a single scalar itera- [3.361 has discussed the possibility of adaptive-
tive relaxation factor would not lead to imme- wall experimental simulation of other types of
diate convergence although significant improve- tunnel boundary conditions for which residual
ments in convergence rate could be made by a interference can be corrected more easily.
suitable choice. However, general equations were
derived that consisted of certain definite
integrals of both measured disturbance quantities 3.1.2 20 Adaptive-Wall Test Section Development
over both the top and bottom interfaces to
achieve convergence to unconfined free-air flow Once decisions were made to commence hard-
in "one step". This procedure assumes that the ware development to implement the adaptive-wall
viscous, transonic and vortical effects neglected concept, two fundamentally different approaches
in the Prandtl-Glauert equation are essentially emerged for providing control of the flow in a 2D
the same before and after the one-step adapta- test section. The first is the use of flexible,
tion. Lo and Sickles extended the Fourier super- Impermeable top and bottom walls of the general
position approach to generate one-step formulae type used in the pioneering work of the National
for axisymmetric flow 13.18], and 2D lifting flow Physical Laboratory (NPL) in the UK. The second
13.171, 13.181 with the assumption that the lift is the use of ventilated top and bottom walls of
is unchanged before and after the one-step the general type used in conventional perforated
adaptation. Kraft and Dahm 13.271 later used the and slotted test sections, but with the addition
Cauchy-integral formula for 20 flow to remove the of further control distributed along the length
necessity for assuming the lift to be unchanged of the tunnel. Distributed porosity and seg-
during the one-step adaptation. In related work, mented, individual plenum chamber control adjoin-
Sears [3.281 examined relaxation factors for ing the ventilated walls were selected by various
infinitely-long sinusoidal shapes in 20 nonlift- groups. In all ventilated-wall facilities for
ing and lifting flow, axisymmetric flow, and a 30 adaptive-wall investigations, with the exception
low-aspect-ratio flow. Sears also examined the of limited experiments by Weeks [3.261 In which
implications of imperfect control on the Itera- contoured slots were examined, the ventilated
tive relaxation process 13.291. Many mathematical walls are planar and rigid.
aspects of the iterative procedure and one-step
methods for linear flows are addressed in the Each of these approaches offered advantages
discussion of residual-interference corrections to the organizations that selected them and
in Section 6.2.1 of this report. Mokry [3.301 although there were common problems, there also
also has discussed the mathematical aspects of 20 were problems unique to each. For example, both
adaptive-wall procedures. approaches had to deal with the finiteness of

control, not only the truncation of the
In 30 flow, one-step methods also have been controlled part of the test section upstream and

derived for linearized compressible flow repre- downstream, but also the finite spacing between
sented by the Prandtl-Glauert equation. Wede- control jacks or the finite size of individual
meyer. etal. at DFVLR/Gottingen [3.311 developed plenum chambers and regions of controlled venti-
a one-step procedure using separation of lation. The outer-flow computational requirements
variables and Fourier analysis in the azimuthal are essentially the same for both approaches. The
and axial directions for tunnels with a circular interface measurement requirements are distinctly
cross section. Rebstock at TU-Berlin 13.31.13.151 different in the two approaches, however. The
developed a one-step procedure for an octagonal flexible, impermeable wall lends itself readily
cross section using discretization of the govern- to measurement of wall static pressure by means
ing equations by means of a panel method. Both of of static orifices and measurement of wall dis-
these methods assume that the lift remains placement from its initial, undeformed position.
constant before and after adaptation. Ashill and The deformation of the walls from planar surfaces
Weeks 13.321 derived a Green's theorem approach had to be investigated with respect to the outer-
for wall interference assessment and correction, flow computation and the modified growth of the
Wedemeyer 13.41 then pointed out that the 20 boundary layers on the top and bottom walls due
Cauchy-integral one-step formulation can be to the presence of the model also had to be
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Investigated. For ventilated walls, it Is neces- The investigations carried out in all of the
sary to place the interface surface a finite 20 test sections from about 1975 to the present
distance within the walls in order to remain fall into three general speed ranges, and the
outside the transpired wall boundary layer and to flows will be categorized in this report as
avoid the complex three-dimensional flow in the belonging to Groups 1 to 3. Group I flows involve
immediate vicinity of the ventilation mechanism testing at subsonic free-stream conditions with
(perforations or slots). This led to extensive flow over the model that may be supercritical,
research into suitable means for accomplishing but with subcritical flow at the interface and
these measurements as efficiently and nonintru- walls. Linear compressible outer-flow calcula-
sively as possible. Details of the interface tions have been found to be a satisfactory
measurement systems are contained in the descrip- approximation. Research in Group 1 flows has led
tions of the various ventilated test sections in to the development of rapid and efficient
the Appendix. adaptation procedures and other practical aspects

for routine operational testing. For example,
The 20 facilities that demonstrated the modern wall interference assessment and correc-

feasibility of the adaptive-wall concept tion methods have been introduced to use the
initially during 1970 to 1975 were the interface measurements to evaluate the residual
Southampton University Low-Speed Self-Stream- interference that remains after adaptation, see
lining Tunnel (SSWT), the ONERA S4LCh transonic Chapter 6. Most of the test sections listed above
tunnel at Chalais Heudon, and the Calspan ATC have emphasized Group 1 development. Group 2
One-Foot transonic tunnel at Buffalo. The flows involve testing at subsonic free-stream
Southampton and ONERA tunnels have flexible, conditions but with supercritical flow extending
impermeable walls and the Calspan tunnel had to and beyond the interface and wall locations as
perforated walls with individual, segmented well. The principal emphasis here was on the
plenum chambers. Descriptions of these three fundamental development of techniques to accom-
facilities are given in Chapter 2 and the plish adaptation at these test conditions. The
Appendix. Initial experiments were performed test sections used most extensively for Group 2
during the period 1973 to 1975 and were published flow development were the AEDC Tunnel IT and the
in 1975. The initial Southampton results [3.37], Calspan ATC One-Foot Tunnel during 1976 to 1981
[3.381 were for a circular cylinder of about 30% and the Southampton TSWT Tunnel more recently.
solid blockage and an NACA 0012-64 airfoil Group 3 flows involve testing at supersonic free-
section of 10.81 blockage, both at low speeds. stream Mach numbers. The facility used is the
The unconfined outer-flow computations were per- ONERA/Chalais Meudon S5Ch where tests at N - 1.2
formed with linear, Incompressible-flow methods, have been accomplished recently. Details of the
The ONERA results [3.91,13.101 were for the various adaptation strategies for all flow groups
strongly supercritical cases of N - 0.86, a = 0 are given in Sections 3.2.2 and 3.2.3 with
deg and N - 0.85, a = 6 deg with an NACA 64A010 selected results in Section 3.3.1.
airfoil section of 4.4% solid blockage. The
unconfined outer-flow computations were numerical A final class of 20 adaptive-wall test
solutions of the TSDE. The Calspan ATC case sections that has not been mentioned previously
13.391 was for mildly supercritical flow at N = is cascade tunnels. Southampton University did
0.55, a = 6 deg for an NACA 0012 airfoil section pioneering research in 1975 [3.35), [3.37), 13.421,
of 6% solid blockage. The unconfined outer-flow and the facility is described in Chapter 2 and
computations were performed with a linear method the Appendix. Recently, the University of Genoa
[3.61 based on the Prandtl-Glauert equation. has developed two transonic-flow cascade facili-

ties, one for blade rows with smeall flow deflect-
During the time period from 1975 to 1980, ion and the other for blade rows with large flow

several additional 20 test sections were built deflection (3.431. Cascade tunnels will not be
end used, namely the NASA/ARC 25x13 cm transonic discussed further in this report; interested
tunnel, the ONERA/CERT T2 cryogenic transonic readers should consult the references cited above.
tunnel, the Southampton University Transonic
Self-Streamlining Wind Tunnel (TSWT), and the TU-
Berlin TUB(2D) transonic tunnel. The NASA/ARC 3.1.3 30 Adaptive-Wall Test Section Development
test section has slotted walls and Individual,
segmented plenum chambers, while the others have Adaptive-wall development In 3D flows has
flexible, impermeable walls. All of these facil- followed two distinct paths. The first path,
ities are described in Chapter 2. Another tran- which is described in this section, is the exten-
sonic facility modified in this time period was sion to 3D of the basic principle of matching two
the AEDC One-Foot Aerodynamic Wind Tunnel (IT). independent flow-disturbance quantities for an
Tunnel IT is described in Chapter 2, but only in experimental inner flow with those for a computed
its 30 adaptive-wall configuration. In 20, two outer flow over an entire interface surrounding
different sets of perforated walls, both with and the test article. The second path, which is
without individual sub-plenum chambers, were described In Chapter 4, aims at accomplishing
built and tested [3.401,13.411. testing of 3D configurations in 20 test sections

with flexible, impermeable top and bottom walls.
Five additional 2D test sections have been Instead of matching over the entire interface,

built or modified in the last few years. All of the interference is reduced, or adjusted to be
these are described in Chapter 2 and the approximately constant and hence correctable,
Appendix, namely the low-speed University of along a specified line In the inner, experimental
Naples Istituto di Aerodinamica *Umberto Mobile* flow field.
Adaptive Walls Wind Tunnel (AIWT). the NASA/ARC
2x2 ft Transonic Wind Tunnel, the NASA/LaRC 0.3-a In this chapter, the complete adaptation
Transonic Cryogenic Tunnel (TCT), the ONERA/ procedure is under consideration, so the test
Chalais Neudon S5Ch supersonic tunnel, and the sections described are those which embody that
low-speed Adaptive Wall Wind Tunnel at North- concept. Just as in 2D, two fundamentally
western Polytechnical University In Xian, China. different approaches to wall control have been
All have flexible, impermeable walls except the implemented. The facilities with flexible, imper-
NASA/ARC tunnel which has slotted walls and indi- meable walls are the Sverdrup Technology Adaptive
vidual, segmented plenum chambers, and S5Ch which Wall Automotive Tunnel (AWAT) with independent,
has walls formed of thin transverse sliding longitudinally-controlled slats on the top wall
plates that can be preset to prescribed 21 and sidewalls for low-speed, high-blockage, road-
contours.
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vehicle testing; the TU-Berlin TUB(3D) octagonal- 3.2 Strategy of Adaptation
cross-section transonic tunnel; and the DFVLR/
Gottingen DAM circular-cross-section, rubber-wall The flow about a 3D model in a transonic
transonic tunnel. The facilities with ventilated wind tunnel is shown schematically in Fig. 3.1.
walls are the NASA/ARC 25x13 cm transonic test as described in Section 3.1.1. The flow can be
section with slotted top and botto, walls that considered to have an inner region, denoted as 1,
have individual, segmented plenum chambers that is separated from an outer region, denoted
arranged longitudinally and laterally plus solid as 11. by an interface (control surface), S. Note
sidewalls; the AEDC Aerodynamic Wind Tunnel (IT) that the shaded zone in Fig. 3.1 denotes the
with a 3D transonic test section that has a total domain beyond the ventilated wall, but not the
of 64 Individually-controlled, variable-porosity entire outer region 11. The schematic is of a
segments on all four perforated walls plus global perforated, rigid-wall test section for which the
plenum pressure control; and the University of interface lies within the wall a finite distance
Arizona Adaptable-Wall Wind Tunnel for low-speed, in order to avoid the details of the locally 3D
powered-lift, large-flow-deflection testing with flow through the wall. However, the same
louvered vanes on the top wall, louvered vanes principles apply If the interface S is coincident
ventilated to the stilling chamber on the bottom with a flexible, impermeable wall. In that case S
wall, solid sidewalls, an upstream variable-angle no longer is of uniform cross section, but
nozzle to introduce the free-stream flow into the follows a stream surface of the flow and
test section, and a ialve at the downstream end generally is assumed to coincide with the
of the test section. All of these facilities are deformed wall or a suitable mean wall position,
described in Chapter 2 and the Appendix. with proper adjustment for the displacement

thickness of the wall boundary layer.
Another facility, which is not described in

Chapter 2, is Aerodynamic Wind Tunnel (4T), a In principle, it is straightforward - but
Four-Foot square operational facility at AEDC. In not obvious - to determine whether a given wind-
laterally-symetric 30 adaptive-wall experiments tunnel experiment is interference free, i.e.,_
[3.441. there were four control degrees of whether specified far-field boundary conditions
freedom, namely the uniform, but adjustable, are satisfied. All that is required is to measure
porosity of the top, bottom and sidewalls (which the distributions of two independent flow vari-
were ganged together to move in unison) plus the ables, such as two velocity components or the
globally uniform, but variable, plenum-chamber static pressure and flow inclination, at the
pressure. surface S. If these two measured distributions

are consistent with the far-field boundary
Both the NASA/ARC and University of Arizona conditions, the flow is matched at the interface

test sections have ventilated top and bottom and is interference free. A practical procedure
walls, but plane, impermeable, undeformable side- to determine far-field consistency is to employ
walls. The flow through the top and bottom walls one of the measured distributions as inner
varies laterally because the velocity component boundary values and carry out a calculation of
normal to a ventilated wall responds to the the flow field exterior to the surface S,
pressure at the wall induced by the test article, satisfying both the appropriate equations of
Moreover, the plenum chambers of the NASA/ARC motion in the region exterior to S and the far-
test section are segmented laterally as well as field boundary conditions, if the experimental
longitudinally. Both test sections are adapted by flow field is interference free, measured and
matching over the entire interface, which does computed values of the other distribution at S
not coincide with the walls. Adaptation may be will match at the interface. If they are not the
possible because at every point on the interface, same, there is wall interference in the wind
both independent flow-disturbance quantities will tunnel, i.e., the simulation is not exact.
change when the wall controls are adjusted. The
key requirements for adaptation are first, that In other words, the flow field is considered
the existing top and bottom wall controls have to consist of an experimental inner region joined
sufficient control effectiveness to accomplish to a computed outer region; the former satisfies
complete matching over the entire interface, and the correct inner conditions (including viscous
second, that measurements at an interface surface effects, effects of power, etc.), and the latter
noncoincident with the walls are practical. incorporates the desired outer conditions. Thus
Therefore, plane, impermeable sidewells without the question of exact simulation is reduced to
provisions for controlling the flow do not the question of matching at S, the interface. It
necessarily preclude practical 3D adaptation over seems clear, moreover, that when the matching is
the entire interface. Further analysis is neces- not perfect, the matching error is a measure of
sary and should be related to the analysis of the interference.
Chapter 4 for 30 adaptation by means of flexible,
impermeable top and bottom 2D walls. These conclusions can be expressed symboli-

cally. To do this, the general, nonlinear theo-
Adaptive-wall investigations have been retical framework presented by Sears and Erickson

performed for the same three groups of flow in [3.51 will be followed. The questionnaire
the 30 transonic tunnels as in 2D; namely Group 1 distributed by WG12 used this framework as its
flows (TU-Berlin, DFVLR, AEDC and NASA/ARC), basis and so the responses reported in the
Group 2 flows (AEDC). and Group 3 flows (TU- Appendix are cast in these terms. However, It
Berlin and DFVLR). Details of the adaptation should be noted that the equation numbers in the
strategies are given in Sections 3.2.4 and 3.2.5 Appendix (for the lerms of Reference and the
with selected results in Section 3.3.2. Questionnaire) differ from those in this section.

A final type of 3D adaptive-wall experiment Let the two flow-variable distributions,
was performed recently in the Southampton SSWT which are measured at field points on the inter-
for a swept-wing panel at low speed face, be called Pi (i-I, ... Np) and Qi (i-i..
13.451,(3.46). Although use is made of skewed 2D where N does not need to be equal to NQ
wall deflections, the flow field about a swept necessarily. Further, let the symbol PiIQ I
wing Is three dimensional, particularly in the denote the result of calculating the outer field
boundary layer. However, for the Southampton test using the distribution Qj as inner boundary
conditions, the adapted results exhibited the values and satisfying the far-field conditions;
characteristics predicted by inviscid, simple- i.e., PiIQjl Is the distribution Pi derived from
sweep theory. this computation. Let the superscript m denote
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measured values; the condition for Interference- [3.41, [3.151-13.181. [3.271, 13.311-[3.331, see
free simulation is then Section 3.1.1.

PiQ71 = p 1 (3.1) The concept of "one-step" methods has not

always been characterized consistently in the
Usually, the two distributions of Pi are not literature. As described in Section 3.1.1 and

found to be identical; there is a distribution of immediately above, the adaptation procedure is
matching error at the interface. Let this be fundamentally iterative. That is. each time a
called 0Pl, defined as control variable is changed the entire flow field

DP. = P[Q ] - p. (3.2) within the test section changes. However, byI I means of various classical analysis techniques

The complete adaptation process aims at driving (e.g., separation of variables and Fourier

this matching error to zero iteratively and is analysis in 2D and 30 13.161-[3.181,[3.311,

discussed next. Cauchy's integral formula in 20 [3.271, and
Green's theorem in 20 and 3D 13.41, 13.321,
[3.331), equations can be developed to use the

3.2.1 Theoretical Basis of Complete Adaptation distributions of both measured variables over the
entire interface for predicting control changes

In an adaptive-wall tunnel, the control that will accelerate convergence. A related
variables can be denoted by Xj (-1,....N). The numerical method based upon discretization of the

Xi are not, in general, the same as the Pj governing linear equations in 30 has been

although they may be, as discussed later, developed by Rebstock 13.31. [3.151. The "one-
Generally, adjustment of each individual Xj step" terminology, as used here, implies that the

affects all measured values Pi
m 

and Qim. This can control adjustments to be made result in changes
be expressed In terms of control-effect matrices, to the entire flow field, but within constraints
which can be measured, or aroximated in some so that the changes in important flow quantities
manner, as aPi/aXj, aQi/aXj, which are Np x M and are of higher order. For example. Lo, et al.

No x M, respectively. 13.161-13.181 assume In their 20 analyses that
the flow over the test article due to viscous,

Adjustment of the control variables gives transonic and vortical effects neglected in

Pi +(aPi/aXja)X. linear compressible flow are essentially the same
before and after the one step, including the
lift. Heddergott and Wedemeyer [3.311 and

Qi+( iQ/A)AXJ Rebstock [3.31, [3.151 make the same assumptions
in 30. In 20 only, Kraft and Dabm [3.271 elim-

where sumation over j is implied. The matching inated the necessity for assuming that the lift
error after such an adjustment is given by remains unchanged and so generalized the Lo, et

D02)pi =pi[Qk+ (aQald)AXJI al. approach. The efficacy of any of these "one-
step' methods can be judged only by its practical
application to experimental adaptations and will

_p (ap i lax)61j (3.3) be discussed in the remainder of this chapter.
Many of the adaptive-wall investigations to

which indicates that suitable adjustments AXj date have made approximations to either Eqs.
should be able to drive 0(2) Pi toward zero. dt aemd prxmtost ihrEs

(3.5) or (3.8). For example, the matrix aQk/aPi in

Local linearization of the outer-flow Eq. (3.8) is often neglected because it requires
calculation leads. using the expression for DPi both extensive measurements and the evaluation ofin Eq. (3.2), to the matrix of all the outer-flow calculations

PioQk/aPj1. Neglect of such terms and the

D")P, = DP, + [P, (aQIXJ) - (aPi/aXj)X (3.4) approximations that were made in the local
linearization to derive Eqs. (3.5) and (3.8) lead

Then, if 4 - Np, O(
2
)Pi will be zero if to the necessity for the introduction of relaxa-

tion factors into these equations to account for
61[j = [(Wi/aXJ) 

- 
P, (a; k/a .)]-'DP, (3.5) what has been neglected and/or approximated.

where ( -
1 

denotes matrix inversion. In the more Finally, the question arises as to what
likely case of N Np, the matrix inversion must constitutes adaptation; I.e., in what way Eq.
be generalized in some appropriate sense, say by (3.1) is to be satisfied. Some investigators have
a least-squares procedure. Eq. (3.5) is equiva- introduced figures of merit to characterize the
lent to the formula first given by Dowell [3.47). nature of the matching error in Eq. (3.2). The

choices will be discussed below.
The special case where XI - Pj follows In the

same way with the control-effect matrices reduced For flexible, impermeable adaptive-wall
to the single matrix aQi/aPj, which is NQ x Np and control, the interface generally coincides with
the control increment is APj. The general form the wall and the appropriate control variable,
corresponding to Eq. (3.3) Is X, is wall displacement which is an integral of

D'P,= P, Qm+(P- - P , (3.6) te wall slope and is directly related to the
velocity component normal to the wall, which then
ws taken as Pj. Thus Eq. (3.8) or approximations

which becomes, upon local linearization, to it apply. Ventilated walls, on the other hand,
D

1
P, = OP, +[Pi (aQ%/lp.) - 8,1 APJ  (3.7) necessarily have the interface noncoincident with

the wall and Eq. (3.5) or approximations to it
where 8ij is the Kronecker delta. Inversion (in apply. In the ventilated case, it is somewhat
the same sense as above) to force D(2)Pi to zero arbitrary as to which measurement variables
gives should be taken as Pi and Qi. The choices that

have been made will be described for the
AP, = [8,e- P, (aQk8P,}]-I DP, (3.8) individual facilities.

For Group I flows in which the outer-flow In the discussions which follow, the
calculation is linear, the relationship in highlights of the adaptation-strategy techniques
Eq.(3.8) Is equivalent to the "one-step" formulae of the different investigators are given. More
which have been derived analytically 13.3J, detail generally is available for each facility
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In the questionnaire responses given in the DiRECT M DE IIVESE MOBS
Appendix. 

1

3.2.2 2D flexible. Impermeable-Wall Applications V Y 1
It Is useful to introduce at the outset the 'Fxl VAX

concept of aerodynamically-straight walls In an
empty flexible, inpermeable-wall test section. ETUW ROWI FIELD UR
Due to boundary-layer growth on all four walls, a & QIUIRATtO
test section with parallel walls will exhibit an E-1
acceleration of the flow along its length. An V4z)
aerodynamically-straight wall configuration is
generated by divergence of the top and bottom
flexible walls to the appropriate shapes that '(x)m VA+ (I-LS ,)p uv E +(l -)v

insure that the wall static pressure distribution
is constant along the test-section length without
a model present. The exact configurations for - (( - v 

X
) - VIId

each facility are a function of Mach number and N0 YES NO YES
Reynolds number and can be calibrated once and MY EXI
for all. At free-stream Mach numbers approaching
one, problems can be encountered in determining v_,___
aerodynamically-straight contours 13.481, in in.

part, at least, because of the sensitivity of
Mach number to flow cross-section area near M- 1. y.-

Flow charts for the alternative adaptation-
strategy logic that can be used for this class of
test sections are given in Fig. 3.2, which is Fig. 3.2 Flow charts for direct and inverse
taken from Chevallier, et al. at ONERA [3.491. In modes of 20 flexible, impermeable-
terms of the analysis in the previous section, wall-test-section control algorithms
the flow-variable distribution Qi is the longi- (from 13.491).
tudinal disturbance velocity component u deduced
from the wall static-pressure orifices and Pi is cation in the direct mode for the linear case.
the normal velocity component v deduced from the They call this their predictive strategy. They
slope of the wall. In the special case of assume that the result of the outer-flow operator
linearized compressible Group I flows represented G Is available in the first iterative step from a
by the Prandtl-Glauert equation rith a planar calculation based on a given wall shape, Ypre. at
interface, the operators G and G- are given by the appropriate test Mach number and Reynolds
(see also Eqs. (6.34) in Section 6.2.1 of this number. It then follows that the G operator in
report) subsequent iterative steps can be determined by

suitably-relaxed addition of its previous value
and the current interface measurement; i.e.,
o p1 (d (3.9) without an outer-flow calculation. The simplestu~z)G~ J- T- 7 outer-flow evaluation of the G operator is for a

wall which initially is aerodynamically straight;
i.e., one for which vI - 0, and so uE - 0 from
the G operator. In this case, the outer-flow
calculations for G need not be made at all in the

+ P u(0 (3.10) direct mode, but only the outer-flow calculations
+ 4_ for G-'. Many of the descriptions in the litera-

ture, e.g., by Barg at TU-Berlin 13.131, and by
he and Zuo at Northwestern Polytechnical Univer-
sity 13.511, begin the Iteration procedure with

However, in Fig. 3.2, G and G
- 1 

still are In the an aerodynamically-straight wall. However, as can
form of general nonlinear operators. be seen in the responses In the Appendix to

Question 3.3, most facilities have a wide lati-
n the inverse mode in Fi.g. 3.2, the outer- tude in the choice of initial conditions in order

flow calculation operator G- corresponds to to facilitate rapid iterative convergence.
piIQjmJ. The mismatch error distribution DPi in Usually, the test is begun with previously-
the inverse mode is vpre - vI and is driven to obtained results from a closely-related shape,
zero in the iterative scheme. This Is a straight- say from a previous iteration or from a good
forward application of the theoretical formula- theoretical estimate, rather than from the
tion of the previous section. aerodynamically-straight configuration.

The direct mode in Fig. 3.2 involves two Judd, Wolf and Goodyer 13.111,13.501 further
outer-flow calculation operators, namely 1 , which showed from physical arguments that a relaxation
corresponds to QiPPjP and its inverse G- which factor (a - 1/2 applies if it is assumed that
in this instance corresponds to Pic.QJ[Pkh changes in the wall shape adjustment do not
+ (1-0)Qjl where (a is a relaxation factor. The affect the model significantly. This Is the same
mismatch error distribution DQi in the direct value of (o that was conjectured by Ferri and
mode is Upre - uLN which Is driven to zero Baronti 13.521 in their first paper. The
iteratively. In transonic flow, upre - ul is a theoretical analyses mentioned in Section 3.1.1
much more sensitive indicator of convergence of and subsequent experience by many investigators
the iterative process than is vpre - vl. Although (including those at Southampton 13.501) have
the direct mode involves two outer-flow calcu- shown that a scalar relaxation factor of ca - 1/2
lations per iterative step, it is the preferred Is an oversimplification. The resultant modifica-
mode of operation and the procedures sumarized tions will be discussed with regard to the
In this section use it. strategies used in specific facilities.

Judd, Wolf and Goodyer at Southampton The adaptation strategy at ONERA , both In
University (3.111, 13.501 recognized a simplifi- S4LCh at Chalais Meudon and in T2 at CERT, has
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been developed very extensively and is fully ferent from 1/2. These factors provide an
automated 13.49!, [3.531. Projections of the improved approximation to the matrix-Inversion
measurements of wall position and static pressure operator in Eq.(3.8) and lead to convergence in
onto a mean planar reference surface are made for only two steps on the average. The figure of
input to the outer-flow calculations. The cal- merit is the uniformly-weighted average of the
culations are performed by means of singularity modulus of the pressure-coefficient differences
distributions in the Prandtl-Glauert approxima- across the interface between the measurements and
tion for linearized compressible Group 1 flows, the computed outer flow. Residual perturbations
The modified growth of the top- and bottom-wall of the flow at the model location are evaluated
boundary layers from their aerodynamically- by the method of [3.321. Iteration ceases when
straight shapes due to the model influence is the residual perturbations are reduced below a
taken into account by calculating the displace- fixed level. Additional details of the
ment thickness from the wall velocity measure- Southampton residual-interference calculations,
ments using an integral method [3.491. The free- with examples, are given in Section 6.2, Tables
stream velocity and angle of attack are deter- 6.1 to 6.3, and Fig. 6.1 of this report.
mined as part of the iteration procedure by a
technique which weights the residual interference The automated adaptation strategy of TU-
by a factor that emphasizes the region of the Berlin is very similar to what has been discussed
flow near the airfoil. Procedures used by all of for ONERA and Southampton University. A discus-
the other investigators (with ventilated and sion of the effects of the modified boundary-
impermeable walls) seem to consist of adjustment layer growth due to the presence of the model at
of upstream conditions to the values required N - 0.76 is given in 13.571. The outer-flow
there by the outer-flow calculations, see the computation is based on analytical procedures for
responses in the Appendix to Question 3.4.e. the Prandtl-Glauert equation with Group 1 flows
There is extensive discussion of the determina- end on numerical solutions of the full-potential
tion of free-stream velocity and angle of attack equations with Group 2 flows. A scalar relaxation
in the report of GARTEur Action Group AD(AG-02) factor replacing the matrix-inversion operator of
[3.541. Sears [3.221, [3.231 also has discussed Eq. (3.8) is used in the iterative procedure and
this issue extensively, especially with regard to has been determined empirically to achieve con-
high lift with large flow deflection. ONERA has vergence routinely in two to four steps. Either
developed a very sophisticated method of relaxing agreement between the measured and computed
the iteration. Instead of approximating the longitudinal velocity component at the interface
matrix inversion in El.(3.8) by a single con- or the limit of no further wall adjustment is the
stant, the Pie and Qi measurements are decom- criterion for convergence. Residual interference
posed into mode shapes corresponding to a source, is computed along the airfoil centerline by a
a doublet, a vortex and a vortex doublet. Each of Cauchy-integral method.
these modes has a separate (a that is a good
approximation to the nature of the matrix inver- The new flexible, impermeable-wall facili-
sion in Eq. (3.8) for that mode. Convergence in ties that have been constructed in recent years
at most five steps (and generally less) can be are building upon the experience that has been
achieved depending on initial conditions and the achieved elsewhere. The University of Naples AWWT
severity of the case. No figure of merit is used, is just beginning operations and has not reported
but the iteration terminates when no further wall any results. The NASA/LaRC TCT now has accom-
adjustment is possible. Finally, residual inter- plished a substantial amount of testing [3.58!,
ference Is calculated by the method of Capelier, [3.59). The automated adaptation technique used
at al. [3.55). to date in the TCT Is based upon the predictive

strategy as developed and refined at Southampton
Southampton University investigators also University. Northwestern Polytechnical University

have developed their adaptation strategy exten- uses an adaptation strategy very similar to that
sively and have automated it for testing in the of Southampton University and TU-Berlin. Besides
the transonic TSWT [3.481, [3.561. Developments using a scalar reglaxation factor like TU-Berlin,
of the basic predictive strategy that is they also have investigated convergence accelera-
discussed above have been used in most of the tion schemes that tse the results of successive
testing. Subsequently, though, Judd (as reported iterative steps eith'er in an average scalar sense
by Lewis [3.48!) has developed an improved over the entire interface or locally as a func-
procedure which Is called an exact strategy. This tion of distance along the interface [3.51).
exact strategy removes some of the restrictive
approximations of the predictive strategy,
including limitations due to the use of a mean, 3.2.3 2D Ventilated-Wall Applications
planar interface. Lewis, et al. [3.461, [3.481
have discussed results with the various alter- Adaptation strategy for the ventilated-wall
native strategies for several configurations, tunnels has been driven in large measure by the
Only the well-tested predictive strategy will be interface-measurement system chosen by each group
discussed here because of its widespread use In of investigators. Since the interface is located
other facilities and the lack of adequate docu- some distance within the walls of the test
mentation of the exact strategy. The modified section, the wall control variables, Xj, are
boundary-layer growth on the top and bottom walls necessarily different from Pj, so approximations
in the presence of the model can be taken into to Eq. (3.5) are In order in the most general
account, although their experience 13.461, 13.481 forulation. In most applications, however, Eq.
has shown that below M-0.85 the effect is (3.8) has been used with a separate relationship
unimportant. The outer-flow computations in the established between Pj and Xj.
predictive strategy are based on singularity
distributions in the Prandtl-Glauert approxi- The Calspan ATC One-Foot Transonic Tunnel
mation with Groun 1 flows and on numerical and the AEDC Aerodynamic Wind Tunnel (IT). as
solutions of the 1SDE with Group 2 flows [3.461, operated in its 21 adaptive-wall implementation
[3.481. Southampton University investigators also [3.401, [3.41), had different mechanisms for wall
have refined their method for relaxing the itera- control, see Section 3.1.2, and some differences
tive solution. The idealized (a - 1/2 discussed in details of the instrumentation. Both facili-
above has been modified empirically to accelerate ties measured static pressure and flow angle at
convergenc%. That is, top and bottom flexible- planar interfaces above and below the test
wall coupling factors and scaling factors have article. The NASA/ARC 25x13 cm transonic tunnel
been determined, which change o) to a value dif- uses an entirely different interface-measurement
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system, namely laser-velocimeter measurements procedure for this configuration, but separation
only of the vertical velocity component; i.e., into Eq. (3.8) and a separate relationship
the component normal to the interface. Each between AXj and APj was made. The AEDC one-step
planar interface then actually is comprised of a method is an exact. linear equivalent of the
pair of displaced planar surfaces. Measurement of general Eq. (3.8), as already discussed in
the one velocity component at the two displaced Section 3.2.1. The TSDE iterations approximated
planes also provides a suitable independent pair the matrix-inversion operator of Eq. (3.8) with a
of measurements for implementing the adaptive- scaler relaxation factor of 0.5. The relationship
wall principle. The two displaced planar surfaces between the distribution Pj set at the interface
are discussed further In Section 6.2.2 with and the control variables Xj was achieved by
regard to residual-interference calculations. The adjusting APj to be zero at the upstream and
adaptation strategies of each facility now will downstream ends of the test section and in the
be discussed. suction-peak region near the model. No figure of

merit was used, but Pim and Pi[Qjm were plotted
In the Calspan ATC investigations [3.391, and compared. In cases for which the linear one-

13.601. 13.611, experience showed that greater step method was applicable, no further improve-
sensitivity and ease of adjusting the individual ment could be made after the first step. In
plenum-pressure control-valve settings, Xj, could supercritical cases, iteration terminated when no
be achieved if the disturbance quantity set at further improvement could be achieved. Residual
the interface, Pi. was u. as determined from corrections were not considered.
static pipes. This followed first because u is
much more sensitive than v in transonic flow. The NASA/ARC 20 experiments [3.641, [3.651
Second, the nature of individual plenum-pressure in the 25x13 cm adaptive-wall tunnel used non-
control is such that if the static pressure at an intrusive, traversing laser-velocimeter measure-
upstream reference point near the test-section ments of the vertical velocity component, v,
entrance is held fixed during valve adjustment, which is normal to a pair of displaced planer
the effect on u is approximately zero upstream of surfaces, as already mentioned. Therefore, PI was
the plenum chamber being adjusted and constant defined as v at the planar surfaces that are
downstream. Thus a sequential adjustment proce- farther from the model, while Qi was defined as v
dure beginning at the upstream end of the test at the planar surfaces that are nearer. The
section [3.81 is -..sble. This procedure was control-valve settings for the individual plenum
performed manually; no automation was developed chambers adjoining the slotted top and bottom
for these proof-of-concept experiments. The walls were chosen as Xj. The outer-flow calcula-
quantity Qi was v, measured in Group I flows by tion was by means of numerical evaluation of
flow-angle probes and in Group 2 flows by a analytical expressions based on the linear,
combination of the probes and the two-component Prandtl-Glauert equation [3.661 for Group 1
static pipes developed at Calspan ATC [3.62). flows. Although Eq. (3.5) strictly is applicable,
13.63). The outer-flow calculation for Group 1 Eq. (3.8) was used with the matrix-inversion
flows was by a multipole expansion technique operator replaced by a scalar relaxation factor
based on the Prandtl-Glauert equation [3.61, and of 0.5. NASA/ARC pioneered the measurement of the
for Group 2 flows was by numerical solutions of (square) control-effect matrices aPi/aXj and this
the TSOE; all calculations were performed off was an important contribution. They found that
line. Care had to be exercised to avoid an empty-tunnel measurements of these matrices were
unwanted uniform crossflow induced by imbalance satisfactory for their operating range of
between top and bottom wall plenum-chamber interest. Initial conditions to begin the itera-
pressure. Initial conditions were either esti- tion were *passive walls", i.e., without mass
mates of Pi calculated from theoretical repre- flow through the walls. The figure of merit was
sentations of the airfoil or valve settings from the rms difference between the values of Pi at
a previous result. Although Eq. (3.5) represents the control points as measured and calculated for
the basic iterative procedure for this configura- the outer flow. The iteration proceeded until no
tion, the relationship between AXj and APj was further improvement in the figure of merit was
satisfied separately after APj was found from Eq. possible. Somewhat after the initial experiments,
(3.8). The actual technique used Eq. (3.8) with linear two-variable WIAC methods, see Section
the matrix-inversion operator replaced by a 6.2.1, were developed for the displaced-surface
scalar relaxation factor between about 0.1 and configuration [3.671, 13.681 and applied to the
0.5, with 0.25 and 0.50 being best in limited data.
experience for subcritical and supercritical
cases, respectively. The relationship between the The NASA/ARC 25x13 cm adaptive-wall tunnel
distribution Pj set at the interface and the has been used recently in an experimental program
plenum pressure control valves, Xj, followed the by Celik and Bodapati 13.691. They built upon the
sequential procedure discussed above. No figure previous NASA/ARC techniques and made an exten-
of merit was used, but Pi

N 
and PIQjm were sive examination of the use of the control-effect

plotted and compared. Iteration terminated when matrices aPi/aXj. They also investigated sidewall
further improvement was no longer possible. pressure measurements as an alternative to the
Residual corrections were not considered. laser-velocimeter measurements at the displaced

surfaces. Finally, they developed a technique in
The AEDC 20 adaptive-wall experiments which they carried out the bulk of the iterative

[3.401, 13.411 also chose Pi to be u, as measured procedure for Eq. (3.8) with the control-effect
by one-component static pipes, and Qi to be v, as matrices used to simulate the changes in the
measured by traversing flow-angle probes. In this inner, model-induceo flow field during the
facility, longitudinal well-porosity distribu- process. That is. after the first experiment, the
tions and sub-plenum chamber valve settings (in next steps were simulations. Upon convergence,
later experiments) were the control variables, the total changes in plenum pressure. AXJ,
Xj. The outer-flow calculation for Group 1 flows predicted by these simulations were implemented
was the one-step procedure based on solutions of experimentally to verify that the improvements
the Prandtl-Glauert equation 13.161,13.171 (see had been achieved.
also Sections 3.1.1 and 3.2.1), and for Group 2
flows was numerical solution of the TSDE. Initial NASA/ARC also has built a 20 adaptive-well
conditions usually were the uniform-porosity, test section for the 2x2 ft transonic wind
constant-global-plenum-pressure, empty-tunnel tunnel. Details are given in their questionnaire
calibration settings for the test condition response in the Appendix and in [3.701. There Is
chosen. Equation (3.5) represents the Iterative a great deal of flexibility available for using

mm
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two-component laser velocimetry with alternatives The TU-Berlin TUB(30) investigations also
for using u and v at a single planar surface or Involved both subsonic and supersonic free-stream
either component at the displaced planar conditions [3.31. [3.14], 13.151. For subsonic
surfaces. Moreover. the outer-flow calculations free streams, two different approaches to Eq.
can be performed using a variety of linear (3.8) were used. In initial experiments, the
methods based on the Prandtl-Glauert equation for matrix inversion was replaced by a scalar relaxa-
Group 1 flows or by numerical solution of the tion factor, which led to a very slow rate of
TSDE for Group 2 flows. Schairer 13.21] has convergence with an optimum o) of about 0.055
described these alternatives along with numerical 13.31. 13.15!. Subsequently, a one-step procedure
siulations. Preliminary experimental results 13.151 was developed in order to represent the
from this tunnel have been presented in Adaptive matrix inversion better. A separation-of-vafn-
Wall Newsletter No. 9, February 1989 and some of ables analysis following that developed at DFVLR
them are reproduced in Section 6.2.1 of this was not possible for the octagonal cross section.
report under the Two-Variable Method heading, see Thus the TU-B one-step method used discretization
Figs. 6.5 to 6.7. especially. The same Newsletter of the governing equations by means of linear
states that development of this test section has source-panel methods for Group 1 flows. The
been discontinued, outer-flow calculations were performed by numer-

ical solutions of the full-potential equations
for Group 2 flows. The iterations converged in

3.2.4 30 Flexible. Impermeable-Wall Applications from one to four steps depending on Mach number
and angle of attack, with fewer steps necessary

There is very little to summarize here that for Group 1 flows. For supersonic Group 3 flows,
is conceptually new In the streamlining algo- Eq. (3.8) was approximated by a scalar relaxation
rithms for complete 30 matching over the entire factor of a) = 0.50. The outer-flow calculations
interface. The principal new features are the 3D were performed by numerical evaluation locally of
one-step methods developed at DFVLR/G6ttingen and the nonlinear, 20 shock-wave and expansion-wave
lU-Berlin. This is not to say that the practical relationships [3.141. The procedures were totally
problems of developing and implementing the automated and residual interference perturbations
procedures were not difficult, but rather that were evaluated for the subsonic free-stream
the algorithms have been built upon the 20 cases.
framework and experience.

There are three facilities with flexible, 3.2.5 30 Ventilated-Wall Applications
impermeable walls to be discussed here, namely
the rectangular-cross-section, low-speed Sverdrup Adaptation strategy in 3D ventilated-wall
AWAT, the circular-cross-section, rubber-wall applications has been driven by interface-
transonic DFVLR DAM, and the octagonal-cross- measurement-system considerations just as in 20.
section, transonic TU-Berlin TUB(3D), see Section There is very little generality in the approaches
3.1.3 and the Appendix. All three of these used in the four test sections to be discussed
tunnels use the inverse mode of Fig. 3.2 and so here, see Section 3.1.3, namely the AEDC Tunnels
define Pi as the velocity component normal to the 4T and IT for Group 2 flows, the NASA/ARC 25x13
interface (here the mean position of the walls), cm tunnel for Group 1 flows, and the University
vn, as evaluated from the wall slope, and Qi as of Arizona AWWT for low-speed, powered-lift,
the longitudinal velocity component, u, evaluated large-flow-deflection testing in Group I flows.
from static pressure taps on the walls. The
iterative procedures in each facility are based The AEDC 30 experiments in Tunnel 4T used a
upon Eq. (3.8). straightforward extension to 30 13.441 of the

AEDC 20 procedures that are described in Section
The Sverdrup AWAT procedure [3.71! replaced 3.2.3. The variable Pi was defined as the longi-

the matrix inversion of Eq. (3.8) with a scaler tudinal perturbation velocity component, u, and
relaxation factor o of approximately 0.070. The Qi was the velocity component normal to the
outer-flow calculations were performed by an interface, vn. The control variables, Xj. were
incompressible-flow, source-panel method which the uniform porosity of the top, bottom and side-
was satisfactory for their test conditions. walls (which were ganged together to move in
Typical iterations converged in three to seven unison). The interface was of rectangular cross
steps beginning either with aerodynamically- section and a traversing conical-head pressure
straight or suitably-deformed wall shapes. Wall probe measured static pressure and flow
adjustments were performed manually in this inclination, from which u and vn were deduced by
proof-of-concept program, means of the TSDE assumptions. The Group 2 outer-

flow calculations consisted of numerical solu-
The DFVLR DAM investigation involved both tions of the TSDE. Eq. (3.5) strictly holds, but

subsonic and supersonic free-stream conditions separation into Eq. (3.8) and a separate rela-
13.311, [3.721. [3.731. For subsonic Group 1 tionship between AXj and APj was made.The itera-
flows, a one-step procedure [3.311. [3.741 was tive procedure approximated the matrix inversion
developed to represent the matrix inversion in operator of Eq. (3.8) with a scalar relaxation
Eq. (3.8). The procedure is analytical and is factor of (a - 0.50. The relationship between the
based upon separation of variables for a cylindrical AXj and APJ was determined by matching the
coordinate system and makes use of Fourier-series suction peaks In u at the interface in the vicin-
expansions in both the longitudinal and azimuthal ity of the model. Initial conditions were the
coordinates (see also Sections 3.1.1 and 3.2.1). empty-tunnel calibration conditions for the test
The interface cross section is a uniform circular porosity and Mach number. The procedure was not
cylinder. The iterations converged to a maximm automated for these exploratory experiments; the
error in matched pressure coefficient of 0.005 in iteration terminated when no further improvement
one or two steps. For supersonic Group 3 flows, could be achieved in matching Pi at the inter-
Eq. (3.8) was approximated by a scaler relaxation face. No residual corrections were attempted.
factor of &3 - 0.50. The outer-flow calculations
were performed by local application of the linear The AEOC 30 experiments in Tunnel IT
20 relationship between flow inclination and utilized a distinctly different iteration
pressure coefficient 13.731. The procedures were procedure from all other adaptive-wall investiga-
totally automated. Residual interference correc- tions [3.751-13.771. The variable Pi was defit ed
tions were assumed to be negligible and were not as the static pressure coefficient, cp, and Qi
evaluated, was defined as the radial derivaLive of cp,
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acp/ar, which is normal to the circular-cross- The University of Arizona program was
section Interface. Pi and Qj were measured by a different from all other adaptive-wall investiga-
pair of two-component static pipes that were tions because it was directed toward solving the
fixed to a mechanism which rotated to discrete problem of configurations producing very large
angular positions around the tunnel centerline, flow deflections 13.221, [3.231. Typical of such
The Group 2 outer-flow calculations were numer- situations are tests of configurations that
ical solutions of the TSE. as written in terms produce very large lift, such as V/STOL aircraft.
of cp; i.e.. a transonic. small-disturbance by means of powered high-lift devices. Such tests
acceleration potential. The Xj were the ratio of often involve large wall interference, including
upstream-sidewall-static-pressure to tunnel- difficulty in the accurate establishment of the
stagnation-pressure and the porosity of selected simulated flight speed and direction. The Arizona
groupings of wall segments. All of this is project was intended to alleviate these diffi-
described and illustrated in greater detail in culties by use of the adaptive-well principle; in
the Appendix. particular, the simulated flight vector is

Inclined at large angles to the top and bottom
The iterative procedure consisted of the tunnel walls to accommodate the large flow

definition of a limited figure of merit for the deflection. The flight vector inclination is
purpose of suggesting the control setting for the chosen to insure that the highly-deflected wake
next iterative step, namely the ms value of a flow trails generally down the length of the test
selected part of the mismatch distribution OPi. section well away from the top and bottom walls.
Thus, in each iterative step, DPI was determined
for the whole interface and the limited figure of The goal of the experiments reported by Lee
merit was evaluated; then a search was carried and Sears [3.791, 13.801 was to prove this
out in control space to reduce It. The control concept by demonstrating that satisfactory
effect was determined by suitably-weighted inte- matching could be achieved at the interface in
gration of the aPi/aXj matrix measured at the test tests of a high-lift aircraft model. The demon-
conditions in the presence of the test article. stration tunnel used in the experiments had top
It was observed that when the limited figure of and bottom walls consisting of panels of louvers
merit was reduced, the global matching also whose blade angles were controllable. Tunnel air
improved. Moreover, it was found useful to was supplied through the bottom wall as well as
redefine the limited figure of merit by weighting at the upstream end of the test section, and was
the rms computation in the region of the model exhausted through the top wall as well as at the
wing and ignoring the region near its tail, and downstream end of the test section. A traversing
vice versa. There was evidence that the optimal laser velocimeter was used to measure velocity
procedure was to use both of these limited components at a five-sided rectangular interface
weightings in a certain sequence in order to (open downstream). A representative test model,
obtain the best global matching [3.771. Iteration namely an airplane model with lower-surface blown
began with initial conditions of the empty-tunnel wing flaps, was mounted in a nose-down attitude
calibration conditions at the test Mach number in the test section.
and porosity; iteration terminated when no
further improvement could be made, usually after The horizontal velocity component was chosen
two or three steps. Subsequent to the experi- as Qi and the vertical component as Pi. except at
ments. 3D nonlinear residual-interference calcu- the sidewalls of the interface, where Pi was a
lation procedures have been investigated at AEOC, laterally-displaced horizontal component. The
see Section 6.2.2. iteration procedure was that of Eq. (3.5) with

Pi[aQk/aXj] neglected and a relaxation factor
The NASA/ARC 3D experiments in the 25x13 c multiplying the remaining terms in the matrix

tunnel followed an extension [3.781 of the inversion operator. The control-effect matrix aPi/aXjNASA/ARC 20 procedures described In Section was always measured with the correct model config-
3.2.3. A single flow variable, namely the uration; it was usually found that a given measured
vertical velocity component, w, was measured at matrix could be used successfully throughout an
parallel, but displaced surfaces by a traversing iteration sequence. Relaxation factors varied
one-component laser velocimeter. The displaced from 0.10 to 0.25 - usually 0.15. The rms value
surfaces were right rectangular prisms. The of the mismatch distribution DPi was chosen as
variable Pi was defined as w at the surface the figure of merit. Residual interference was
farther from the model and Qi was w at the nearer calculated using an Interface-discontinuity
surface. The control variables Xj were defined as method, see Section 6.2.1 of this report. The
the valve settings controlling the plenum mean values of the residual-interference velocity
pressure in each individual chamber (arranged components at the model position were correlated
both longitudinally and laterally) adjoining the with the interface figure of merit.
slotted top and bottom walls. The sidewalls were
rigid, impermeable and planar. The Group 1 outer-
flow calculations were numerical finite-differ- 3.3 Representative Results
ence solutions of the Prandtl-Glauert equation
for w [3.66). Just as in 20, the Iterative Extensive results have been published by now
procedure of Eq. (3.8) was used with the matrix- and there Is no intention here to present a great
inversion operator replaced by a scalar relax- deal of material. Rather, some representative
ation factor. &), of between 0.5 and 1.0. results and citations to the literature will be
Measurement was made of the control-effect given. Results for 20 and 3D configurations will
matrices VPi/aXj for the empty tunnel to relate be presented separately. All 3D results will be
AXJ to APj. Initial conditions were "passive for adaptation by matching over the entire
wesls" without any mass flow through them. The Interface, as described in Section 3.1.3.
procedure was not automated at this stage of
development. The figure of merit was the rms
difference between the values of Pi at the 3.3.1 20 RIeslts
control points as measured and calculated for the
outer flow. The iteration terminated when no The results In this section are divided into
further improvement in matching at the interface the sue three speed-range groups, namely testing
was possible, usually after three iterative at subsonic free-stream conditions, first with
steps. Residual interference corrections were not subcritical flow at the interface and subcritical
considered, or supercritical flow at the model (Group 1
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flows) and second with supercritical flow at the An important 20 testing issue that has not
interface (Group 2 flows), and finally testing at been discussed yet Is the presence of the test
supersonic free-stream conditions (Group 3 section sidewalls. The interaction of the
flows). The greatest part of the experimental sidewall boundary layers with the pressure field
work to date has been for Group 1 flows, induced by the 20 model has a profound effect on
Practical and efficient procedures have been the two-dimensionality of the flow field. These
developed to generate high-quality 20 airfoil sidewall effects are intrinsic to all 2D and 30
date. Coaprehensive data for Group 1 flows have half-model testing, of course, and are not solely
been obtained only in the flexible, Impermeable- an adaptive-wall difficulty. Sidewall boundary
wall 2D test sections. The 20 ventilated-wall layers are discussed in considerable depth in the
test sections at AEDC, Calspan ATC and NASA/ARC GARTEur report 13.541 and were considered care-
were used for experimental demonstrations of the fully by McCroskey 13.81] in his decisions as to
concept in Group 1 flows, but without extensive the relative quality of the NACA 0012 data sets.
and systematic data gathering. The AEDC and Moreover, ONERA/CERT has determined that in T2
Calspan ATC investigations then concentrated on the sidewall effects are a major factor in
development of procedures for Group 2 flows determining Mach-number/angle-of-attack 1imita-
before completion in 1980. tions for CAST 7 testing, see their response to

Question 3.8.e in the Appendix and [3.491,
At least ten different airfoils have been [3.531. Also, the TUB(2D) results for the CAST 7

tested in various adaptive-wall test sections, as in 13.541,13.861 encountered undesirable sidewall
can be seen by examination of the responses to effects in some regions of the testing envelope.
Question 3.7 in the Appendix. Moreover, circular Sidewall Interference is discussed further in
cylinders at low speeds and large blockage have Section 6.2.3 of this report.
been tested successfully by Goodyer [3.371.[3.381
in the 1973-1975 time period, as already There are a few specific results of general
described in Section 3.1.2, and by He, et al. Interest that will be presented here for the
13.511 recently. Group 1 flows for three light that they cast upon various aspects of the
different airfoils, namely the NACA 0012, the adaptive-wall procedures. The first Is the effect
CAST 7 and the CAST 10 sections, have been tested of testing a 20 airfoil located at and below the
by more than one organization in their adaptive- centerline of the test section. This provides an
wall test sections. Adaptive-wall data for these important verification of the self-consistency of
airfoils will be emphasized. all aspects of a given adaptive-wall procedure.

The results presented are from Archambaud and
The NACA 0012 section has an extensive Nignosi [3.531, but similar results are presented

literature, and as described by Wolf and Ray by Chevallier, et al. 13.49). Figures 3.3a and
[3.591, "So much data exist that almost any data 3.3b show results for a CAST 7 model located on
set will agree with something.* Fortunately, this the centerline (Position A) and 201 of the
very issue has been addressed systematically and nominal test-section height below the centerline
comprehensively by NcCroskey 13.811, who analyzed (Position B). The wall contours and local Mach
the data and categorized it according to its number distributions on the walls In Fig. 3.3a
quality. Adaptive-wall data included in the are much better balanced between the two walls
highest-quality category of 13.811 are those for Position B because the relative effects of
acquired in the NASA/LaRC 0.3 m TCT and corrected thickness and lift are accomodated better. The
for residual wall interference by Green and effect of model location on the local model-
Newman 13.821, see also Section 6.2.2 of this upper-surface pressure distribution, p, (normal-
report. Selected results of the TCT data have ized by the free-stream pressure, Po) is shown in
been reported by Wolf, et al. Interested readers Fig. 3.3b for two angles of attack. Most of the
are referred to [3.581, [3.591, [3.811, [3.821 T2 data presented in 354% 13. 7! w... n~tained
for these TCT MACA 0012 data. for the CAST 7 in Position B.

The airfoil section which has the richest Another interesting self-consistency check
adaptive-wall experience is the CAST 7. This came is to rotate the aerodynamic centerline with respect
about because the Group for Aeronautical Research to the geometric centerline. This procedure has
and Technology In Europe (GARTEur) set up Action been discussed by Goodyer [3.371 and by Cheval-
Group AD(AG-02) on "Two-Dimensional Transonic lier, et al. [3.491. The results here were
Testing Methods." This action group compared test obtained by Wolf [3.581 in the NASA/LaRC TCT. In
results obtained with the CAST 7 section in these tests, the aerodynamic centerline was
several facilities in the member countries. Both rotated by up to 0.5 deg by suitable modifica-
passive- and adaptive-wall test sections were tions of the aerodynamically-straight contours.
used. The participating adaptive-wall facilities Then, routine streamlining was performed. The
were the TU-Berlin TUB(20) and the ONERA/CERT T2. results for normal-force coefficient are shown in
The test programs, wall-interference corrections Fig. 3.4a and wall deflections in Fig. 3.4b both
and data analyses were carefully planned, before and after an upward rotation of 0.5 deg.
executed, compared and reported 13.541. Later, An angle-of-attack shift of 0.5 deg is observed
the same CAST 7 model tested in TUB(20) was also in cn up to stall. Similar results have been
tested in the Southampton University TSWT presented in Fig. 7 of 13.49[.
13.461,13.831, but too late for inclusion in
13.541. The GARTEur report is highly recommended An example of an identical model tested in
to anyone concerned with 20 airfoil testing, two different facilities will be presented next.

The CAST 7 section was tested in TUB(20) as part
A cooperative program still active Is con- of the GARTEur investigation [3.54] and later in

cerned with testing the CAST 10 airfoil. Among the Southampton University TSWT 13.461, [3.831.
the facilities in which this section is being The tests were at identical stagnation conditions
tested are the ONERA/CERT T2 13.841 and the so that the Reynolds numbers were identical at
NASA/LaRC TCT adaptive-wall tunnels 13.591, identical free-stream Mach numbers. Fig. 3.5,
13.851. Some initial comparisons of data are which Is from Lewis, et al. [3.46i. shows the
discussed in 13.591. Also, residual corrections pressure coefficient distributions, cp, after
of a TCT date point for the CAST 10 are presented streamlining in each facility. The test condi-
In Figs. 6.3 and 6.4 and discussed in Section tions correspond to the design point of the
6.2.1 of this report. section. The lift coefficients and Mach numbers

are almost equal, leading to reasonable agreement
between the cp distributions. The significant
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b. Pressure distribution on airfoil upper surface,
a. Wall contours and local wall Mach numbers for normalized by freestream pressure. for a - 0a - 1 deg and 1 deg

Fig. 3.3 Effects of airfoil location in ONERA/CERT T2 test section; CAST 7 section at M = 0.76, nominal
tunnel height H = 400 me (from [3.531).

differences are confined to the regions of the followed by an adjustment of the walls to a posi-
lower-surface suction peak and the upper-surface tion 0.6 of the way between the aerodynamically-
shocks, the positions of which are displaced by straight and constant-pressure shapes. Fig. 3.6
about 4% of the chord, shows typical model cp data. The c distributions

are plotted with the walls streamlined according
The final subcritical-interface results to to the three different algorithms, and all three

be presented are from a recent systematic study lead to essentially the same model performance.
in the Southampton University TSWT. This investi- In particular, the positions of the upper-surface
gation [3.48J,3.88J compared the Southampton shocks fall within a band of about 2% of the
predictive and exact strategies for adaptation chord. The cp distributions with the walls set to
(see Section 3.2.2 for a discussion and refer- the aerodynamically-straight and constant-pressure
ences) with the pioneering NPL strategy described contours are also shown.
in Section 1.2 of the Introduction to this
report. The results shown in Fig. 3.6 also have The literature for Group 2 flows, subsonic
been presented by Lewis, et al. [3.461. The model free-stream conditions with supercritical flow at
was a 10.2 cm chord NACA 0012-64 airfoil in the the interface, shows that basically only develop-
nominally 15.2 cm square TSWT. The tests covered mental work defining the problem areas has been
the Mach number range from 0.4 to 0.8 at angles accomplished. There are no systematically-
of attack from 0 to 6 deg. The specific form of acquired data obtained in more than one facility.
the NPL streamlining algorithm consisted of
testing the model first with aerodynamically- The early ONERA S4LCh tests for an NACA
straight walls, then with the walls adjusted to 64A010 airfoil section with 4.4% solid blockage
have constant pressure along their length, [3.91,[3.101 have been mentioned already in
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Fig. 3.4 Effe.tis of a test section centerline rotation upward by 0.5 deg; NACA 0012 airfoil in NASA/LaRC

TCT (from 13.581).
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The Calspan ATC investigation had its best
Group 2 success 13.61] for an NACA 0012 section
of 4% blockage at M - 0.9, a - 1 deg. 2 deg and 3

-VS deg (nominally). Behavior of the MACA 0012 is

15 CM, 6 INCH SOUARE TEST SECTIONS very interesting at this Mach number because the
lift-curve slope at angles of attack between 0

- - -i. _deg and about 1.5 deg has a significantly smaller
value than it does above 1.5 deg. Moreover, the

r. flow tends to be unsteady, even at fixed flow
S0 * conditions and model attitude, near a- 0 deg. The

techniques employed during the experiments are

TUNNEL MACH C described in the Appendix and in 13.611. The

+ T.U.B. 0.160 0.613 results after adaptation were improved signifi-
cantly, although many questions remained un-U UOF S 0.163 0,610 anwrdanswered.

1 .H0 0 The AEDC investigation [3.401. [3.411 also

%CNORD used an NACA 0012 section, but of 6% blockage,

Fig 3.5 Comparison of airfoil surface pressure and achieved significantly improved results over
coefficients for the same airfoil, as those obtained with the IT calibration conditions
streamlined in the Southampton Univer- at K - 0.80, a = 0 deg, I deg, 2 deg and 4 deg,
sity TSWT and the TU-Berlin TUB(20) as well as limited improvement at M = 0.90, a = 0
test sections; CAST 7 section at nomi- deg. It should be noted that for the Group 1 flow
nal M - 0.76. Ce - 0.61 with identical at M - 0.65, a = 0 deg with the IT calibration
stagnation conditons (from 13.46!). conditions set, there was no appreciable inter-

ference and the functional relationships of Eq.
TIISTION FIXED (3.1) were satisfied without iteration [3.401.

Recently, Lewis [3.461, [3.481. [3.891 has
performed two series of Group 2 flow experiments
in the Southampton TSWT for an NACA 0012-64
section of 8% blockage. Very encouraging results
at angles of attack up to 4 deg were obtained in
the first series [3.891 for Mach numbers from

C 0.90 to 0.94, but results for 0.95 to 0.97 were
less satisfactory, see Section 6.2 and Table 6.3

S .of this report for additional details. In the second
-45 series of tests, the maximum Mach number was reduced

-0.S -to 14<0.90 by air-supply limitations unrelated to
-XI -- the adaptive-wall aspects of the facility. Excel-

lent results were obtained in the Mach number
~ '-. interval from 0.85 to 0.89 [3.46). [3.481. It is

q hoped that the Southampton experiments for 14>0.90
can be continued, since there are many out-

150 standing questions that warrant further research.
% ]01M The final experiments to be reported are for

5 - Nt conditions. The only investigation known was per-
EXACT STIRUUJND formed In the ONERA S5Ch facility 13.901 for the

flow about circular cylinders. The longitudinal
position of the cylinders in the test section was

WALLS adjusted until the detached bow shock wave
1.0 L MISTAJT]FliE. WALLS impinged on the walls just at the end of the

conventional 14 - 1.2 nozzle. Downstream of theFig 3.6 Comparison of airfoil surface pressure bow shock, the adjustable transverse sliding
coefficients in the Southampton Uni- plates were shaped to accommodate the small per-
versity TSWT after aerodynamically- turbation angle of the flow. The subsonic region
straight and constant-pressure wall behind the bow shock did not exhibit reflections.
adjustments and after streamlining by but some residual wall interference may have
three adaptation strategies (original existed. However, the flow over the cylinder was
KPL, SU predictive and SU exact strat- observed to be surprisingly insensitive to wall
egies); NACA 0012-64 section at shape during the adaptation process. Some
M - 0.7. a - 4 deg (from 13.461). exploratory Group 3 high-lift experiments for a

Section 3.1.2. There does not seem to have been a 3D configuration with 2D adaptation are described
published sequel to these initial Group 2 in Section 4.3.6 and Fig. 4.24 of this report.

adaptive-wall demonstration results.

In the 1976 to 1981 time period, the Calspan 3.3.2 30 Results
ATC One-Foot Transonic Tunnel and the AEDC Tunnel
IT (in 20 adaptive-wall configurations) were used The results in this section also are divided
to attack the problems of supercritical flow at into Groups 1 to 3 flows. Moreover there is an
the interface and walls of perforated-wall test additional subdivision into axisymmetric test

sections. The principal emphasis was on explora- articles at zero angle of attack and more general

tion of the flow and facility phenomena Involved. lifting configurations.
This information was necessary for planning 30
implementation. At that stage of the development The axisymmetric configuration that has

process, neither facility had been automated. received the greatest attention is the ONERA CS
Therefore no systematic data acquisition was calibration model which has been tested in the
attempted. fully 3D impermeable-wall tunnels TUB(30) [3.31,

1._ _
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13.151. 13.911. 13.921 and DFVLR DAM [3.721 for ISN. 1 M m ntnu
Group 1 flows. The results of these investi- - EIK ,wTFrauOwl U ,
gations have been summarized in the review by o gag WINK T o %
Ganzer 13.31 and a selected result is presented D
In Fig. 4.20 in Chapter 4 of this report along
with additional results from testing in Tunnel ["| CON1OUK NO. 2
T2. which has 2D wall-adaptation capability only. 10 ._,.-
Also. the FFA axisymmetric spindle configuration ,
has been tested extensively In the OFVLR DAM 0.2
facility [3.31. [3.311. 13.721 up to M - 0.85. 0,3 / / \\

Probably the most interesting results to / L ' \ "
date for axisymetric configurations are in Group M 0,4 ) _x.___
3 flows. i.e.. experiments for a 10 deg half- I
angle cone-cylinder tested in TUB(30) [3.141 and d-

in DFVLR DAM [3.731 at M - 1.2. The model
sut ace-pressure distributions measured before p,_
and after adaptation in TUB(30) are shown in Fig. PO , L I
3.7a in comparison with results from a full- 0 2 4 6 8 10
potential numerical solution. The corresponding X/d
wall deflection from the aerodynamically-straight
position Is shown in Fig. 3.7b after adaptation a. Before adaptation
along with the wall Mach number distributions
before and after adaptation. The blockage in Im I NI RoaI
TUB(3D) was 1.13%. Similar results from DFVLR DAN - M IRA )T 5 ,I%
are shown in Fig. 3.8a before adaptation where il I- on 0 TuBE 2,0 o
is the aerodynamically-straight contour necessary Ar
to achieve 1 = 1.2 free-stream conditions. Fig. [SAF]

3.8b presents the results after adaptation with 1-1
Ar - 3.5 I as the deflection at the sixth Jack |0- 3 4 5 6 7 8
station. The blockage was 2.00%. In both Figs I I
3.8a and 3.8b. the results are compared with 0,2 / '/,
reference data for the same model in the passive, / ' I ;

perforated-wall AEDC Aerodynamic Wind Tunnel 0,3 /
(16T) at 0.008% blockage. N -

0.2 ,9q-,- PLIE WALL

I.0 0 2 4 6 8 10O'sMJ" ~~+ p, 'Q. p-Pp

WALL b. After adaptation
"(,,' -Fig 3.8 Comparison of measured model surface

T! 7ORYpressures and wall contours with
0 . reference data for an axisymetric

body in OFVLR DAN test section; ten-
degree-half-angle cone-cylinder at

XJN M = 1.2. o = 0 deg (from 13.731).
a. Model surface pressure coefficients

There has been a much broader selection of
o-FULL-F01NIAL lifting configurations investigated in the vari-

-0-ADAPED WALL ous 30 facilities. None of them appears to have
MAE WAL been tested in more than one fully-3 adaptive-

wall tunnel. However, at least one configuration
TESTSECTION. Xa has been tested successfully in two different

0 0.20 14 0.60 0.00 100 sizes In the same tunnel. Tests in TUB(3D) have
INI-. I -- . I .1 0 .25 been performed for the Airbus-like full-span

S2- 1i wing/body (no tail) F4 configuration 13.31.
[13.911. 13.921 and a full-span canard configure-

1.0 W ALM NUhB 1.10 tion 13.151. The AGARD B full-span delta
ON WALL MTOUwing/fuselage calibration configuration has been

tested in DFVLR DAN [3.31, 13.311 In two sizes
with solid blockages of 3.5% and 1.0%. Results
for the two sizes compared favorably with each

a45 *iv(zw /A m othe and with reference data. Tests In DFVLR DAN
S ' also have been carried out for a full-span

-2.8 -18.0 1 10.0 28.0 30.0 wing/fuselage configuration with 30 deg of wing
m1, nX sweepback 13.731, and for the ONERA M3 full-span

wing/ fuselage/tail model. Complete M3 lift, drag
b. Wall contours and local wall Mach number and pitching-moment data over an extensive range
Fig 3.7 Comparison of full-potential-theory of angles of attack for M - 0.70. 0.75, and 0.80

predictions with experimental data are given in 13.731. NASA/ARC tested an unswept.
before and after adaptation of an tapered, sidewall-mounted semispan wing in the 30
axisymetric body in TU-Baerlin configuration of the 25x13 ce segmented-plenum.
TUB(30) test section; ten-degree- slotted top and bottom walls, solid-sidewall test
half-angle cone-cylinder at M-1.2, section. Limited experiments at M - 0.60 and
a - 0 deg (from [3.141). angles of attack from 0 to 6 deg led to signifi-

cant reductions in interference from the "passive-
wall" baseline, but interference could not be
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eliminated completely 13.65!, 13.781. All of the The 3D adaptive-wall test section of AEDC
above-mentioned tests were for Group 1 flows. Tunnel iT was designed to overcome the defi-

ciencies observed in 4T. Of the limited numer of
A final Group 1 lifting configuration was a cases adapted In iT, results for M - 0.90, a = 4

fighter-type full-span wing/fuselage/tail model, deg and an initially-uniform porosity of 3% are
Fig. 3.9a, tested in DFVLR DAN 13.72!. Results most significant [3.771. The generic wing/fuselage/
for lift and drag coefficients before and after tail model is shown in the Appendix, along with
adaptation are presented in Figs. 3.9b and 3.gc. details of the instrumentation and the steps in
respectively, for M = 0.80 and 1.8% blockage, the adaptation procedure. Interface pressure
Comparable results with lower blockage in the matching before and after adaptation are shown in
passive DFVLR TWG perforated-wall and the NLR HST Figs. 3.10a and 3.10b for a pipe position rotated
slotted-wall tunnels are shown as well. 65 deg from a downward vertical. The trends in

the pressure distributions on the wing and tail

Group 2 flows have been investigated princi- of the model are shown in Figs. 3.10c and 3.10d,
pally at AEOC, although some preliminary experi- respectively, as the iteration proceeded. Signif-
ments were performed in TUB(3D) 13.15). Initial icant reduction in interference on the wing and
experiments at AEDC were carried out in Tunnel 4T tail was achieved simltaneously. Model blockage
as described in Section 3.2.5 for a generic was 2.5% in 1T and 0.16% for the 4T reference data.
wing/fuselage/tail configuration similar, but not
identical, to that in Figs. 2 and 3 of the AEDC The Sverdrup AWAT facility tested large-
response in the Appendix of this report. Inter- blockage automotive-type models at both zero and
ference at N = 0.90 and 0.95 and a- 4 deg on the ten degrees of yaw 13.71!. Experimental results
wing pressure distributions and model lift and for three geometrically-similar models of 10%,
drag was reduced significantly by adaptation, but 20%, and 30% solid blockage at zero yaw, Fig.
interference on tail pressures and model pitching 3.11, showed that after adaptation, model center-
moment could not be reduced siultaneously line pressures were essentially identical for all
13.44!. three model sizes.

I i

a. Test article configuration

SYN. INSTIIU WINlUUL InanE SYN. INMfTUII WIUNNEL MCh
o M NWu NOT A 1.%o 1116 NOT ADATE 1%
o im imNm, is I= M N IG AED .8%

O" DE T W6 PIINSAII 0.9% X DI 1W ifUNTED 0.9%
' I 593 SUM 0.3a I x N norm e.n,

b. Lt c ficin vs Anle-o-attack c. Lift ceflcient vs drag cfficient
Fig 3.9 Co n of masure fore data bfore a after adatation with reference data for a

fighter cofiguration in th DFVLR DAN test section; M - 0.8 (from 13.721).
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a. Interface before adaptation b. Interface after tall-then-wing-region
adaptation
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c. Wing 60% semispan before, during and after d. Tall 60% semispan before, during and after
adaptation adaptation

Fig 3.10 Comparison of representative interface, wing. and tail pressure coefficient distributions from
measurements and exterior-flow calculations in the AEDC IT test section; wing/fuselage/tail
configuration (Figs. 2 & 3 of AEDC response in Appendix), M - 0.9. a - 4 deg (from 13.771).

Powered-lift, large-flow-deflection experi- 3.4 Limitations and Open Questions
ments 13.791. 13.801 in the University of Arizona
Adaptable-Wall Wind Tunnel will be described The preceding sections give evidence of the
briefly. Combinations of low flight speed and large amount of research and development on the
lower-surface blowing with large momentum coeffi- adaptive-wall concept since Its modern rebirth In
cients onto flaps deflected up to 60 deg were about 1970. In particular, for 20 testing of air-
set. These conditions provided a free-stream foil sections in Group 1 flows for which the flow
vector that was Inclined at up to 45 deg with over the airfoil may be supercritical, but the
respect to the tunnel floor and resulted in flow at the Interface and walls Is subcritical.
angles of attack of up to 15 deg. Under such systematic data of very high quality have been
conditions, the adaptive-wall procedure reduced obtained in several facilities, all of which are
the rms figure of merit at the interface to 3-4% of the flexible, Ipermeable-wall type. The evi-
of flight speed. It was determined by residual- dence presented in the GARTEur investigation of
interference calculations that the interference the CAST 7 section 13.541. 14cCroskey's examina-
velocity components introduced at the model posi- tion of the MACA 0012 section 13.811, and the
tion by the interface-mismatch distributions ongoing investigation of the CAST 10 section
after adaptation were typically about 1% of indicates that these adaptive-wall facilities pro-
flight speed. vide data of superior quality for Group 1 flows.
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- X systematic data for a given airfoil section
should prepare realistic boundaries, such as

I T /those given for a CAST 7 section of one specific
T size in the ONERA/CERT T2 response in the

Appendix. The greatest surprise in that example,
perhaps, Is that the 30 effects due to the
sidewall boundary layers are a more severe
limitation to testing in Group 2 flows than theAfAfI WALL failure of linear theory for the outer-flow

1-/V O MN6ED computations. The linear theory limitation
p c"NON-IIlbEeUcoelm"

W OenKi probably can be overcome more easily than that of
the sidewall boundary layers. The sidewall-

-02 boundary-layer issue is not unique to adaptive-
, NTOU0EO WAlS wall test sections, of course, but its signif-

-0.4 icance seems to have become more apparent as
- adaptive-wall development has progressed and wall

a . interference has been reduced. The T2 limit for
STj0NT WAW the CAST 7 at lower Mach numbers, but high angle

-0.8 of attack, is due to constraints on allowable

wall-control Jack movement. This limit can be
- N overcome by designing a test section for larger-1.0 o0 • allowable model chord lengths [3.491. An

2I0
-1.2 o alternative point of view for avoiding large Jack

movements, however, is to eliminate gradients of
interference rather than the level of the inter-

-1.4 ference, as discussed in Section 5.2.2 of this
0 1.0 report. This approach also holds promise for

alleviating difficulties encountered in matching
Fig. 3.11 Comparison of model centerline pressure the flexible, impermeable walls with the fixed

coefficients before and after adapta- walls at the diffuser entry downstream of the
tion for three similar generic auto- test section. Another aspect in the definition of
motive-type models with different realistic bundaries should be the establishment
blockages in the AWAT tunnel; zero of the capability of each facility to fulfill the
yaw angle (from [3.711). flow quality and data accuracy requirements that

were recommended by Steinle and Stanewsky 13.941
There has been only a limited amount of in 1982 on behalf of the AGARD FOP.

research into 20 Group 2 flows with supercritical
interface and walls. There Is interest in these All of the experience indicates that a test
flows by the helicopter rotor blade designer, for section dedicated to 20 Group I flows should be
example, who requires knowledge of blade section of the flexible, impermeable-wall type. The
data over a very wide range of Mach number and advantages over passive, ventilated-wall tunnels
angle of attack. Moreover, researchers engaged in include the means for making efficient engineer-
CF0 code development and validation must rely on ing tradeoffs among larger model size, lower
very high quality data for Group 2 flows in order power requirements and higher Reynolds number
to examine turbulence models in flows with strong capability. A major advantage of flexible,
shock-wave/boundary-layer interaction and separa- impermeable-wall tunnels is the ease and rapidity
tion. Thus, a requirement exists for systematic of obtaining wall deformation and wall static
investigation of the same airfoil configuration pressure data, not only for adaptation but also
in more than one test section for 20 Group 2 for evaluation of residual wall interference after
flows, just as has been performed for Group 1 complete or partial adaptation, as described in
flows. It would also seem desirable to acquire Chapter 6. Also, flow quality is improved by
systematic data for a representative multi- reduced tunnel noise and turbulence level. Given
element airfoil in Groups I and 2 flows. the present lack of satisfactory systematic

results for any adaptive-wall test section for
Many adaptive-wall and WIAC researchers now Group 2 flows, however, it is not entirely clear

are comparing their 2D experimental results with that flexible, impermeable-wall test sections are
state-of-the-art CFD viscous-flow numerical solu- superior to those with ventilated walls and
tions for Group I flows. In this regard, adequate wall-control effectiveness. Most of the
attention must be drawn to the compendium of 20 ventilated-wall work was performed before 1980
results from the Viscous Transonic Airfoil with its principal objective being exploratory
Workshop sponsored by the AIAA Fluid Dynamics research into the nature of wall control in this
Technical Comittee 13.931. On the basis of flow regime for 3D applications. Group 3 flows in
computed results using many different CFD 20 have received very little attention by
methods, it is argued 13.93] that satisfactory adaptive-wall investigators and require a great
practical design information can be obtained deal of development if passive, ventilated-wall
computationally for many transonic, attached test sections are to be supplanted.
airfoil flows (which correspond to many Group I
flows). The situation is not nearly as favorable In 30 testing, significant progress has been
with respect to transonic, separated flows (which made In fully 3D adaptive-wall test sections for
correspond more closely to Group 2 flows). In Group I flows. Although many satisfactory coN-
these flows, present turbulence modeling parisons have been made with existing reference
capabilities are inadequate in the regions of data from passive-wall facilities, there has not
separated flows, which can occur as a result of been any truly systematic investigation of the
strong shock waves as well as from the flow same model in several different facilities as has
behavior near the trailing edge. It seems clear been done in 2D for the CAST 7, CAST 10 and NACA
that the future of both CFD and adaptive-wall 0012 airfoil sections. Nevertheless, there are
development should be coordinated closely, some favorable comparisons among specific test

points for the same model in different adaptive-
The practical limitations in 20 flows as wall test sections. as well as testing of the

Mach number and angle of attack are increased same configuration in two different model sizesfrom Group 1 into Group 2 flows still are not in the sam test section. Cooperative, system-clearly evident. Each facility that has obtained atic, comparative experimental investigations are

i

I
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strongly recommended. These projects should have been discussed already for 2D and also are
include testing in 3D test sections with of concern for 30 half-model testing. Other
sufficient control effectiveness for complete examples are the effects of free-strea turbu-
adaptation, in 20 adaptive-wall test sections as lence. secondary flows in the corners of the test
described in Chapter 4, and in existing passive- section, and the whole range of strut/support
wall test sections. Preparation of limitation interference problems in 3D.
boundaries for given sizes and types of 3D
configurations should be given priority through- The modern adaptive-wall concept, as
out these investigations along with estimates on initially proposed in about 1970, brought
the degree to which flow quality and data together wind-tunnel instrumentation, wall-
accuracy requirements are fulfilled. It would be control mechanisms, control technology, and CFD
fruitful in 3D, too, to bring the CFO commnity capabilities into a unified concept. In the
into such projects to aid in resolving the roles elapsed time since 1970, the most remarkable
of experiment, analysis and computations. change in these technologies probably has been in

the development of both computer hardware and CFO
Very little investigation has been made for algorithms for solving complex flow fields. Con-

30 Group 2 flows for which the interface and cerning wall interference technology in general,
walls are supercritical. It is claimed by Kraft, however, the most remarkable effect of the modern
et al. at AEDC [3.771 that it is in Group 2 flows adaptive-wall concept has been the recognition of
and at very high free-stream Mach numbers in the wealth of information that is available in
Group 1 flows that ventilated, passive-well the interface measurements. The availability of
tunnels lose their effectiveness for minimizing this information implies a variety of tradeoffs
wall interference. That is, wall interference between adaptation and residual-interference
does not become serious, or uncorrectable, until corrections, and so provides the wind-tunnel
these flow regimes are reached. It is recomended engineer with many alternatives that can enhance
that existing passive-wall 3D facilities partici- the acquisition and interpretation of data of
pate in cooperative, systematic investigations of very high quality. Vigorous pursuit of all of
the same model using their latest experimental these technologies and their interactions will
techniques and WIAC procedures. benefit both testing and computational capabil-

ities and so will improve flight vehicle design
Testing in 30 poses greater problems than in capability.

20 since there often are significant gradients of
interference over the entire model surface In the
longitudinal, lateral and vertical directions. 3.5 References
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4. Tesing of 3-13 models In 2-D adaptive wall test sections.

Editor: E. Wedcmeyer
Other contributors: C.L. Ladson, J. Smith, M.J. Goodyer, A. Mignosi, H. Hornung

4.1 Background

As already seen, researchers from many institutions A strategy for the adaptation of 2-D walls for three-di-
have devoted considerable effort to the development of mensional flows was first developed at the VKI [4.2,
.two-dimensional adaptive wall test sections. Many suc- 4.4]. The idea is, to eliminate the wall interferences near
cessful examples of this type of facility are operational. the model or, in practice, along the centreline of the test
The development of fully three-dimensional test sec- section. In order to compute the wall intcrrcrences, wall
tions, however, has not had this same level of effort pressure distributions are measured along the centre-
expended. Only about three fully three-dimensional lines of the top and bottom walls. The method was
facilities exist. The limitations on three-dimensional tested in the SI wind tunnel at the VKI and subse-
research are the result of the complexity of both the quently used in adaptive wall wind tunnels at the TU
mechanical design and operational aspects. Typical of Berlin [4.5], at ONERA/CERT [4.6], and at the
the mechanical complexities are lack of readily available DFVLR G~ttingen [4.7].
model and flow visualization access, and problems of Extensions of the VKI-method have been proposed or
sealing between adjacent walls for multi-wall types of used at NLR [4 5], at Southampton University [4.9],
test sections. The operational aspects are complicated and at NASA Langley [4.10]. The various methods are
by the necessity for many measurements of the bound- discussed in the following sections.
ary conditions which can be very time consuming. This
is especially true for the ventilated type test sections
which use an array of either fixed or rotating static 4.2.1 The VKI method
pipes. The VKI-method was described in two reports [4.2,
Most researchers agree that, in three-dimensional test- 4.4], which also contain a detailed description of the
ing, it s impossible to remove all of the boundary adaptation algorithm for linearized flows. A method for
interference. It will be necessary, therefore, to apply non-linear flows, developed at the VKI. is described in
residual corrections to the data. The more complex the [4.11]. A summary of the linear and non-linear method
test section shape, the more complex the calculation of including wind tunnel test experience is found in [4.7].
the residual corrections becomes. From both the view- In the following, an outline of the linear and non-linear
point of test section complexity and of ease of residual method is given.
corrections, a simplified test section geometry is desira-
ble. It is assumed that the flow is, at least approximately,

symmetric with respect to the vertical plane of symme-
To aid in the design of simplified test sections, several try of the test section, i.e. a symmetric model at zero or
researchers investigated the capability of using two-di- small yaw is considered.
mensional adaptive wall test sections to perform three- It is also assumed that the lateral extension of the model
dimensional testing. By use of this type of design, the is not a large fraction of the lateral dimension of the test
inherent complications and limitations of the fully section. Under these conditions the model is exposed
three-dimensional design are avoided. The following only to the flow near the centreline, and it is sufficient
sections of this chapter will describe strategies of adap- that wall interferences are being extinguished near the
tation used for this application as well as sample results centreline. That this can always be achieved is seen in
and a discussion of some limitations of the technique. the following way: For a symmetrical model at zero yaw

angle the interference velocities along the centreline of
the test section have only longitudinal (u) and vertical

4.2 Strategy of wall adaptation (w) components. By deflecting the walls, equal velocity
The term 'wall adaptation' has been used, so far, to distributions but of opposite sign can be generated along
denote streamlining of the wind tunnel walls, i.e. an the centreline. The resulting interferences due to the
adjustment of the walls to the streamlines of the wall constraints and the wall deflections can therefore
unconfined flow. In practice, the wall adaptation is only be made to vanish along the centreline of the test sec-
approximate since the wall shape can be adjusted only tion. For example, by deflecting the upper and lower
at a finite number of points over a finite length. Never- walls in a symmetrical way (Fig. 4.1), a disturbance
theless, the concept of wall adaptation, as it was con- velocity distribution having only a longitudinal compo-
ceived originally, provides for a shaping of the walls so nent u(x) is generated along the centreline, while an
that they conform, more or less, to unconfined flow antisymmetrical wall deflection (Fig. 4.2) produces a
conditions, velocity distribution with only a vertical component

w(x). Combining symmetrical and antisymmetrical wall
Obviously, when 2-D adaptive walls are to be used for deflections any wall interferences can be extinguished
the testing of three-dimensional models, the concept of along the centreline.
streamlining the walls can no longer be applied since the The wall interferences at the tunnel centreline can be
walls can be shaped only in two-dimensional ways and calculated e.g. by the method of Ashill & Weeks [4.12]
the resulting streamlines are in general not an approxi- which requires a detailed wall pressure measurement on
mation to those of the unconfined flow. all four test section walls. The walls of 2-D adaptive

wind tunnels are not generally equipped with a suffi-
In spite of the fact that 2-D walls cannot be streamlined cient number of pressure orifices for this purpose but it
to three-dimensional flows it could be shown that the was shown in [4.2] that the pressure distributions along
blockage and upwash interferences can be relieved sig- the centrelines of the top and bottom wall suffice to
nificantly by 2-D wall contouring, see Refs. [4.1, 4.2, compute the wall interferences on the tunnel centreline
4.3]. within a reasonable approximation.
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Ah - cl x (x - )d (4.3a)

Ah.(x) -- ff ljc.() A(x - )c], (4.3b)

where x and are coordinates in axial direction.

For a fixed width/height ratio of the test section the
influence functions X and A depend only on the nor-

Fig. 4.1: Symmetrical wall displacement. malized variable 1 = (x - t)/fth, where P is the Prandtl
factor and h the test section height. For a square test
section the functions X(R') and A(if are shown graph-
ically in Figs. 4.3 and 4.4.

X (R)

3

Fig. 4.2: Antisymmetrical wall displacement. 0.2

Actually, the pressure distributions at the centrelines of
top and bottom wall do not contain sufficient informa-
tion in order to compute wall interferences for general
three-dimensional flows. Therefore, additional assump-
tions must be made. The VKI-method assumes, in -25 -20 -1.5 -1.0 -0.5 0 0.5 1.0 1. 2.0 2.5
addition to symmetrical flow, that the model can be 2
represented by singularity distributions at the tunnel
centreline, an approximation that may be satisfactory Fig. 4.3: Influence function x) of eq. (4.3a).
for the far-field generated by the model images. Under
these assumptions it is possible to relate the wall inter-
ferences to the measured pressure distributions in an
unambiguous way. ," "
The adaptation procedure is as usual, i.e. in a prelimi- Ai)I
nary test with not adapted or not fully adapted walls
the wall pressures are measured on the top and bottom -10 -2.0 -10 t. 2 3.0
wall. From the wall pressures the interference velocities
at the tunnel centreline are inferred and finally the spe-
cial wall setting is computed that eliminates the inter- 1.0
ferences along the centreline of the test section.
The adaptation procedure outlined so far is based on -2.0
the assumption that the flow past the model can be
described, at least approximately, by the linearized flow
equations. For linear flow the influences of the wall -. 0
constraints and the wall displacement can be superim-
posed. Also, a linear relation can be assumed between
the pressure distribution measured at the walls and the
required wall displacement. Conveniently the symmet-
rical and antisymmetrical parts of the wall deflection
are considered separately (Figs. 4.1 and 4.2). Defining
the symmetrical part c,(x) and the antisymmetrical
part c,(x) of the wall pressure distribution by:

c -, (c, + c ,) / 2,
c, - (cp, - cb) /2, (4.1) Fig. 4.4: Influence function A() of eq. (4.3b).

In practice it is useful to start the adaptation procedure
where c., and c,. are the pressure coefficients at the with the wall contour of the previous test i.e. to maketop and bottom wall respectively, the symmetrical and only small adjustments to the wall contour according toantisymmetrical part of the wall displacement small changes of the test parameters. In order to apply

Ah,- (Ah, + Ahb) /2, Eq. (4.3) for the case of pre-adapted walls, the wall
Ah. - (Ah, - Ahb) / 2, (4.2) pressure distribution must be reduced to straight wall

conditions by subtracting the contribution of the wall
are obtained simply by Integrations: deflection on the measured c. -values. To compute this

contribution, approximate formulas are used, derived
from a power series expansion of the disturbance
potential, that results from the wall deflection, see
Ref. [4.4].
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In a number of wind tunnel tests (see section 4.3) 4 2.2 The NASA Langley method
Eqs. (4.3) were used for the wall adaptation. Usually,
one iteration was sufficient to adapt the walls. In The VKI-method was extended by Rebstock [4.10] in
extreme cases, especially at high Mach numbers, more two regards:
than one iteration was needed when starting from
straight walls. I A more accurate assessment of wall interferences
At high subsonic Mach numbers, choking of the tunnel is accomplished by flow measurements at the entire
may occur with straight walls. After a preliminary wall test section boundary (two variable method). The
adaptation choking may be removed and the flow may main merit of this more elaborate procedure is, that
become subsonic in the major part of the test section so the residual inte o erences can be number readily.
that the linear adaptation procedure can be used. At It requires, however, a sufficient number of pres-
still higher Mach numbers, when supersonic regions sure orifices on the test section wals (three rows on
extend up to the walls for the adapted wall condition, the top and bottom walls and one row at one side-
the linear adaptation scheme becomes inadequate. A wall are typically used).
non-linear scheme was developed at the VKI [4.11] that 2. Wall interferences are eliminated at a straight line
is briefly outlined in the following, which is not necessarily the test section centreline

but can arbitrarily be defined by the user.

Wall adaptation for non-linear flow Initial wind tunnel tests were performed in the NASA
Langley TCT tunnel to validate the method [4.10]. The

In the case of full wall adaptation the strategy of model tested was an unswept semi-span wing which was
streamlining the walls can easily be extended to non-li- mounted on one sidewall. The ratio semi-span/tunnel-
near flows. In fact, the strategy remains the same and width was 0.51. The vertical position of the wing in the
only the computation of the 'fictitious external flow' test section was moved up in order to increase the wall
becomes more laborious. An extension of the linear interferences. The 'target line' on which the wail inter-
VKI-method to non-linear flows is not as straightfor- ferences were eliminated was along the root chord of the
ward. The reason is, that the linear method rests on the wing, extended in upstream and downstream directions.
assumptiun that the effects of wall constraints and wall The tests have shown that wall interferences could sub-
deflections can be superimposed, a principle that stantially be reduced even when the model was mounted
becomes meaningless for non-linear flows, near the upper wall. Assessment of the residual inter-

To alleviate the blockage effect of a non-lifting body it ferences has shown, however, that the wall-induced
appears reasonable to shape the walls so that the cross upwash varies significantly across the wing span (see
sectional area distribution of the streamtube formed by section 4.3). The 2-D adaptation can only eliminate the
the walls equals that of the free flight condition. chordwise variation of the upwash angle at a given
The prescription to match the area distribution of the spanwise position but not its spanwise variation. A dis-
streamtube is, of course, not equivalent to the previous cussion of the resulting residual interferences and a
prescription viz. to extinguish the u-interferences along possible alleviation by the use of rectangular rather than
the tunnel centreline, but it was shown numerically square test sections is given in section 4.4. Presently it
[4.11] that the two prescriptions give essentially the should be mentioned that the test conditions for the
same result if applied to linearized flow. It is, therefore, wing, mounted near the upper wall, are extremely
reasonable to apply the 'area rule' also in the case of unfavorable, since the proximity of the wall has thenon-linear flows. It is convenient again to separate the effect that the wall interferences are not only larger but
symmetrical and antisymmcetrical parts of the wall also less uniform across the wing span compared with a
pressure distribution and the wall displacement. wing mounted in the centre of the test section. Never-
p e dtheless, it was shown that the elimination of the wall
The symmetrical part of the pressure distribution interferences on a line in the wing plane rather than
cp(x) is essentially due to blockage, but in non-linear along the tunnel centreline allows a considerable
flows the lift component gives an additional small sym- improvement if the model is mounted off the centreline.
metrical component which is proportional to the square
of the lift.
The wall pressure signature cF,(x) is now interpreted as 4.2.3 The NLR method
if it were generated by an equivalent body of revolution.
The shape of the equivalent body is calculated by an The NLR adaptation strategy aims at fast algorithms
inverse method using the transonic small perturbation for high-productivity testing, preventing the need of
equation (TSPE). Similar procedures were proposed by iteration as much as possible. To these purposes, the
Murman [4.13] for 2-D flows and by Rizk & Murman eventual algorithm is formulated in terms of a simple
[4.14] for 3-D flows in the context of wall interference matrix - vector operation, implicitly accounting for the
assessment. distribution of jacks as well as for end effects associated
Next, the free air flow past the equivalent body of rev- with finite test section length. In addition, only axial
olution is computed, which in turn gives the cross sec- upwash gradients and blockage interlerences are elimi-
tional area distribution of the streamtube. Finally, the nated, leaving the model's effective incidence (which is
symmetrical part of the wall displacement is chosen so assumed to be correctable) unaltered.
as to duplicate the correct area distribution. In common with the NASA Langley method, the more
It should be emphasized that the method outlined does accurate assessment of both, 'initial' and 'residual',
not require any model representation although the wall interference by meais of boundary measurements
known model shape may be used as an initial starting is used [4.15]. Also, the wall interferences arc essential-
point for the computation'of the equivalent body of ly eliminated along a straight target line running in axial
revolution.
For the antisymmetrical part of the wall pressure dis- direction. The position of the target line can be chosen
tribution, which is related to lift, it was shown that the arbitrarily.
linear algorithm is still valid. The non-linear terms The wall shape is assumed to be composed of elemen-
associated with lift are contained in the symmetrical tary wall shapes corresponding with, mutually inde-
part of the wall adaptation. pendent, jack actions (unit load, unit displacement, or

other equivalent quantity) according to linear theory of
elasticity and accounting for the wall support at the
test section entrance and exit. For convenience, Ideal-
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ized jack loads Pi are used as working variables. The
perturbation flow velocities (w,) associated with these x
elementary wall shapes are, assuming linearized flow, , - '
proportional to P, and can be expressed in terms of - 73
influence coefficients. Adopting a generalized matrix 41
notation:

wd = A . P = -w,, (4.4)

where w denotes both velocity components (in axial 7
and "upwash' direction), A the influence coefficient
matrix and P the load vector. Obviously, wd must 13
counteract the initial interference w,.

The principle stated in Eq. (4.4), however, requires
further treatment. First of all, the matrix A will gen- Fig. 4.5: Partitions used in the Southampton 3-D wall
erally not be square. Secondly, the wall interference adjustment strategy.
cannot be eliminated along a target line of infinite
length because of finite test section length. Thirdly, a would have existed along corners X, the partitions ren-
wavy wall still tends to produce a rather smooth per- der the imaginary flow field entirely two-dimensional
turbation flow at some distance away from it, indicating and relatively easy to compute compared with their
that a slight waviness in wi may turn out to 'require' three-dimensional counterpart. There are four portions
an extremely wavy wall for its cancellation (cf. [4.2]). of exterior two-dimensional flow fields identified as I
The first problem is easily solved by seeking a least- to 13. Portions 12 are identical.
squares solution; the second by introducing weighting
factors G applied to w. + w, and decreasing in value In the analysis the partitions are replaced by vorticity
with increasing distance from the model or, more con- distributions. Generally all partitions are loaded and
veniently, from the test section centre. Wall waviness is account must be taken of the vorticity existing every-
suppressed by the additional requirement that the jack where in determining interference. Partitions I and 3,
loads P,, possibly multiplied by weighting (or rather: separating the two-dimensional fields 11 and 12, carry
scaling) factors Wj are a minimum in a least squares identical distributions of vorticity, functions only of
sense. streamwise position. Likewise partitions 6 and g. The

contributions to interference at the model of the loadingTaking these considerations into account, the actually on all four panels, analytic in the spanwise direction, arc
applied matrix equation takes the following form: simply determined. The real three-dimensional flow

C .P + D . wi = 0 (4.5) field about the model combined with the nature of the
flow components 12 renders the loadings on partitions

with 2, 4, 5 and 7 more complex because of the streamwise
and cross-stream variations of loading. One step in the

C A
T 
•GA+W analysis is to derive the velocity vectors at the walls

D = AT 
• G from measurements of wall pressures. Partitions 2, 4, 5

AT = transpose of A and 7 carry two components of vorticity, each functions
of both directions. 'he effects of these are integrated

The matrices C and D are square, the weighting matri- piecewise and summed with the two velocity compo-
ces G and W diagonal. The idealized jack loads follow nents arising from partitions I, 3, 6 and 8 to yield three
from inversion of eq.(4.5): components of wall interference in the test section.

P = -C - ' . D . w,. (4.6) The aim in streamlining the walls is to eliminate two of
the interference velocity components along lines passing

For an incidence sweep at constant Mach number, the in the streamwise direction in the general region of the
matrix C" D can be computed prior to the sweep (e.g. model. The two components are streamwise u and
during Mach number setting), thus allowing fast com- vertical w, and each may be eliminated along one line.
putation of P (and, therefrom, jack displacement for The interferences are modified by differential and col-
wall control, wall shape, etc.) from w, by a simple lective movements of the walls respectively. The third
matrix - vector multiplication, during the sweep. component of inteference, v, is not controlled although

it is quantified. The selection of wall contours is based
upon the use of jack movement influence coefficients.

4.2.4 The Southampton method The coefficients allow the interference velocity distrib-

The strategy developed for the TSWT tunnel at the utions along the lines to be converted into demands for
wall movement. The streamlining process is iterativeUniversity of Southampton calculates interference because the behaviour of the model is affected by wall

velocity components (u, v, w) existing everywhere in movement, and because the values of the influence
the test section. Interference is computed from the wall coefficients are known only approximately.
loading. Inputs to this section of the code are the refer.
ence flow conditions and the internal pressure distrib-
utions all over, and the contours of, the test section 4.2.5 Concludbg remarks
walls. The streamtube formed by the curved test section
walls, which should be viewed as Immersed in an infl- The linear methods discussed in the preceding sections
nite flow field, has sharp edges usually not aligned with all use as an adaptation strategy the elimination of the
the free stream. Singularities In the external flow field wall interferences on a given target line that runs in
associated with these corners were expected to Introduce axial direction.
computational complexity and therefore have been Further generalizations could include still more general
avoided by means of notional infinite spanwise exten- target lines, e.g. a line along the span of a swept wing.
sions of the two flexible walls of the test section, the (The direction of the target line must have a component
extensions having the same camber as the walls. The In axial direction i.e. It cannot run along the span of an
complete flow field thus partitioned is shown in unswept wing.)

4.5. As well as avoiding the singularities which An Important feature of the above linear methods is.
that the computation of the wall shape can be reduced
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to simple integrations as in Eqs. (4.3a,b) or, in discre- In order to explore experimentally the range of applica-
tized form, matrix operations as in Eq. (4.6), thus pro- bility of 2-D wall adaptation, tests were performed with
viding fast algorithms for the computation of the wall a large span airplane model [4.7, 4.16].
shape. The model shown in Figs. 4.10 and 4.11 has pressure
An extension of th~e present adaptation strategy to non- orifices at four wing sections. The outboard section at
linear flows encounters extreme difficulties. It appears 92.5% of the semispan could accomodate only three
that other strategies must be used for non-linear flows, pressure holes because of its limited thickness. The ratio
like the non-linear VKI-method. of wing span to tunnel width was as large as 75% so

that it should be possible to detect residual interfer-
ences.

4.3 Facilities and results From a number of test cases, interference free data were
4.3.1Fai ffacii tin obtained in the rubber tube wind tunnel (DAM).

Fig. 4.12 shows typical adapted wall contours. The dif-
A large number of facilities have provided interesting ference of upper and lower wall displacements is due to
results concerning the ability to minimize wall interfer- the blockage by the fuselage, the wing and the sting
ence on 3-D models by acting only on two walls. These support.
facilities are mainly used to verify different strategies of The thickening of the support sting from 60 to 90 mm
wall adaptation and for aerodynamic research, is clearly reflected by the wall contours at x - 2 m.
The adaptation qualities can be tested by a comparison The mean value of upper and lower wall displacements
with interference free data and by correction methods reflects the downwash.
giving the residual errors during the adaptation process.
Experiments are always strongly connected with the-
oretical analysis.
An alphabetic list of the facilities presented in this
chapter is shown in Table I with their main features.
A discussion of the major points for each wind tunnel
is given in the following.

4.3.2 AFWAL 3-D and 2-D adaptive wall wind tunnel

To improve wind tunnel capability at the Flight
Dynamics Laboratory of the Air Force Wright Aer- . . . . . ....
onautical Laboratories, a pilot wind tunnel of
9x9 inches was constructed for subsonic and transonic
researches by Harney [4.3].
The test section Fig. 4.6 was eo% ped with solid side-
walls and flexible upper and lowei walls each composed
of nine cylindrical rods which are 7/8 inch in diameter.
Flexible followers back up the rods and act as seals for
non-ventilated walls.
A parabolic arc-body of revolution (blockage 2.5%) as
well as a lifting model Fig. 4.7 (blockage 2.5%, width
6.3 inches) were tested.
The nine rods on the upper and lower wall were
deflected according to a mathematical model that
accounts for the blockage effect of the sidewalls by
additional displacements of the rods on the upper and
lower wall. Fig. 4.8 shows typical rod contours for the
lifting model.
The good results obtained by the partial adaptation led
Harney to study the performance of 2-D as compared
to 3-D wall contouring. The 2-D contouring was Fig. 4.6: Cross section through the adaptive wall test
accomplished by setting all nine rods of the upper and section at Wright Aeronautical Laboratories.
lower wall to an intermediate wall contour, thus simu-
lating the configuration of a flexible-plate wall.
These tests have shown that the results obtained by 2-D
wall contouring completely match the results of 3-D
contouring when the walls were set to a calculated mid-
semispan streamline (Fig. 4.9).

4.3.3 Experimental results from the HKG at DFVLR --
G6ttingen

Experimental tests to verify the method developed by
Wedemeyer and Lamarche using 2-D wall adaptation
for 3-D flows have been performed at DFVLR,
M~tingen.

An axisymmetrical model (FFA parabolic spindle,
blockage 3.1%) has confirmed that Interference free
data can be achieved by a comparison with interference
free data obtained in the 3-0 adaptive rubber tube test .,,,,,c€,.
section (DAM) of the DFVLR (4.16].
As outlined in section 4.2 residual interferences at the
model are expected, If at all, for models with a large Fig. 4.7: Lifting model tested at Wright Aeronautical
lateral extension. Laboratories.
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Fig. 4.9: Effect of varying 2-D wall contours in
relation to a 3-D contour. Fig. 4.12: Typical wall displacement for lift model.
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Fig. 4.13 shows pressure distributions at the wing sec-
0 02 04 . 0.8 xt.. . tion y/s = 0.6. The effect of adaptation is clearly seen.

0 1 After wall adaptation the agreement with interference
cp - Q5Q free data is very good.

. 00Fig. 4.14 shows similar results for the inner wing sectionB . y/s - 0.215. This figure also shows calculated wall
corrections for blockage and upwash interferences. (The
calculation of wall corrections was based on conven-
tional methods, representing the model by simple sin-
gularities). The total calculated interference correction
nearly matches the correction by wall adaptation.

..... _ - The most relevant results are for the outboard wing

, t * section y/s = 0.925 shown in Fig. 4.15. The data for
o 20 not ooo/d not adapted walls and interference free reference data

-10 02D ooted -- are plotted for comparison. Also plotted are calculated
residual interferences.
There is a small difference between the curves for 2-D
adapted and interference free reference data which may

be interpreted as the expected residual interference. The
difference has the correct sign and magnitude but is

-l ---. very small so that it hardly rises above the level of
experimental scatter.
In summary, the tests have shown that wind tunnel wall

Fig. 4.13: Pressure distribution for wing section interferences can substantially be reduced by the use ofy/s = 0.6. two-dimensional adaptive walls The method seems to

be applicable over a wider range than might have been
anticipated.
Residual upwash and blockage interferences remain

0 0 02 04 0.6 08 x/L I0 negligibly small over extended parts of the test flow,
- they increase toward the tunnel walls and produceCp M t maximum disturbances at the wing tips.

ItS _02151 Even more favorable conditions are attained in rectan-
6. gular test sections. In an optimum test section, having

a width to height ratio of about 1.4, residual interfer-
. ______ ences remain negligibly small over the entire wing span

I I totd b~cko.nt.t.~noe(see section 4.4).Calculate bk ntreec i :::::The wall adaptation procedure is simple and requires.1-1-11 - _ little computational effort so long as the flow equations

can be linearized. A non-linear code was developed that
may be used in severe cases, see [4.11]. The non-linear
code was also used to estimate the range of validity of

-1.0o- 2 no odoindthe linear approach.
0- 2D odopt.d

- 4.3.4 Initial 3-D model test in the 0.3 m TCT adaptive
wall test section at NASA Langley

An initial wind tunnel test was conducted to validate
the method of Rebstock [4.10] outlined in section 4.2.2.
The model was an unswept semi-span wing mounted on
the right sidewall of the TCT: aspect ratio 4, airfoil

,fig. 4.14: Pressure distribution for wing section section NACA 65A006, semi-span/width 0.51, solidy/s = f.215. blockage 0.79%, reference data LRC 7x0' tunnel
(1951). Tests were performed at Mach numbers between

0.7 and 0.9 and in an angle of attack range between 0
and 7'. Two model locations were tested: wing centred

0 0.2 0. 06 08 xL 1.0 and a high position halfway between the turntable cen-
r,-dwu nt.n.,fe ter and the top wall in order to increase the wall inter-

p oolnted I ferences. Measurements include model forces, wall

. . .pressures and deflections.

I 0 .., / Fig. 4.16 shows the calculated lift and blockage inter-6'ferene at the root for a high angle of attack with walls
-- __----..---... . ----- straight and the wing high. The induced Mach number

0' - ,is small and almost constant at the wing planform.
, -- ,nttnc.r.o. f However the induced upwash varies considerably in

L- adwtd chord direction from 0.35
° 

at the leading edge to 1.7*.-. not odoPt*d at the trailing edge of the root section as well as in

spanwise direction (see Fig. 4.18).
-0 -The aim of the adaptation is to reduce the chordwise

and spanwise gradients. Since the wall deflections are
constant across the wind tunnel width, wall interference
can only be controlled at one target line. Interference isFig. 4.15: Pressure distribution for wing section highest at wing root and the target line is positioned

y/s - 0.925. accordingly.
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Fig. 4.17 shows the residual interference after the first
2.00 0.04 iteration. Blockage velocity and upwash angle are

O-O A. de 04 AM greatly reduced. A second iteration would probably
a - -a am O M further reduce the chordwise variation of blockage and

upwash interferences. However, the upwash angle still
• - .. - - -E3- 0.02 varies in spanwise direction (Fig. 4.18). The plots indi-

0c .- ~ 0-) cate the progress of adaptation and help to position the
target line for the wall shape calculation. The calculated

0 l'/ Mach number increment AM at each spanwise location
is simply an average value across the respective chord.0.M0 0.00 The lift interference across the span is represented by

the induced angle of attack Aa. The remaining gradient
cannot be eliminated by 2-D wall deflection.

-1.00-0.02 Fig. 4.19 shows the measured model lift for one angle
0.00 0.25 0.50 0.75 I.o of attack sweep during the wall adaptation process.

.00 .Interference free values, obtained in NASA Langley's
Fig. 4.16: Chordwise variation of wall interference; 7xl0 foot wind tunnel, are also shown for comparison.

walls straight, M. = 0.7, a = 7
°, wing high

2.00 0.04 4.3.5 3-D model tests in the T2 wind tunnel
A 0-0 An. dog AM at ONERA/CERTOa1--O3 AM

Various wind tunnel tests [4.6] were carried out in the
1.00 0.02 T2 since 1985 to validate and improve the strategy due

to Wedemeyer and Lamarche [4.2, 4.4] for 3-D models

_..o0_.O , in test sections with two adaptive walls.

A first application of the 3-D adaptation process was
0.0 -D-- - - 0.00 performed with an axisymmetrical model called C5

E -3 ---- (blockage 2%). Walls were streamlined to eliminate
interference along the model axis. Tests were performed
at Mach numbers between 0.6 and 0.95. The top of

-1.00 - -0.02 Fig. 4.20 shows at Mach 0.84 the significant effect of0.00 0.25 0.50 0.75 1.00 the adaptation from straight walls on the Mach number
distribution along the model. The adaptation process in

Fig. 4.17: Chordwise variation of wall interference; this case requires three iterations, the first giving
first iteration, M_ = 0.7, a = 7

°
% wing high already a rather good result. Data are in good agree-

2.00 0.04 ment with TU Berlin results obtained from a real 3-D
0-0 aa deg adaptation [4.5, 4.17).

wol stro0ght _0 AM The bottom of Fig. 4.20 shows a similar comparison for
a higher Mach number of 0.9 between NASA Ames

.0 0.02 II xl I foot wind tunnel (interference free) and T2 after

210r, ~0 -0-0 adaptation.Act first iteration ..( Residual errors along and around the axis seem to te
O o negligible for axisymmetrical bodies.

Other tests were conducted with full airplane models0.00- - -0 . - O ..rz 0.00 located on the wind tunnel axis or with half models with

0- 0 a large span.
The results presented in this part are related to a half-

-1.00 -0.02 wing model mounted on the right sidewall giving a very
0.00 0.25 0.50 0.75 1.00 high interference level. Details of the model and of the2y/b test section are included in Fig. 4.21. Fig. 4.22 shows

at the top contours of constant wall induced blockage
Fig. 4.18: Interference at wing after first iteration; and upwash at the wing planform for straight walls at

M_ = 0.7, a - 7, wing high M - 0.78 and a - 3.25° . The induced Mach number
is not small, due to the fuselage section and the induced

080T -& upwash varies considerably. Wall adaptation was aimed
0 sarigt eo at eliminating the two components of interference along

01 6 t.0 1.imeation a - the 'target line' which is the fuselage axis, see the bot-
0./0 2. iteatio - tom of Fig. 4.22. The blockage interference is nearly
CL 2. - 7.10 , - eliminated after the wall adaptation however a signif-

icant spanwise gradient of the upwash interference
0.40. / - remains. The top of Fig. 4.22 illustrates the different

/ _,behavior of blockage and upwash interferences. The
latter is less uniform in spanwise direction and, there-

0.20 - fore, less reducible by 2-D wall adaptation (see alsoIOff______ Fig. 4.25).
0 .0 2Fig. 4.23 illustrates an interesting comparison between

0 4 6s a a o correction and adaptation. Configuration A corresponds
to straight walls moved in rotation by 0.5". The angle
of attack of the wing related to the upstream flow is 3.5*

Fig. 4.19: Measured wing lift versus interference-free and the upstream Mach number 0.78.
data; M_ - 0.7, wing high From the wall measurements interference terms can be

computed along the wing midspan axis. Corrections are
very large near the wing: AM - 0.06 and Am - 0.5".
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Fig. 4.20: Mach number ditribution on C5 axisymme-
trical body.

Fig. 4.22: T2 A3xx half model M = 0.78, a = 3.25-.
Contour map of wall-induced blockage and
upwaah in the plane of the model.
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Fig. 4.23: Comparison of results from wall correction and wall adaptation.

This result means that the wing vicinity should be Preliminary supersonic tests were carried out in the
adapted at M - 0.84 and a - 40 to give equal results S5Ch wind tunnel at ONERA Chalais Meudon, sec
on the model. Fig. 4.24. The test section of 0.22 m height, 0.18 I m
After adaptation of the walls to these flow conditions width and 0.95 m length is equipped with two upper
(case B2) the corrections decrease to AM < 0,007 and and lower adaptive walls consisting of transverse sliding
ha < 0.2* near the midspan. The agreement between plates of 1.5 mm thickness. The sidewalls are straight.
the Mach number distributions at the two sections is The upstream Mach number is fixed by a nozzle to 1.2.
fairly good. A delta wing at high angle of attack (30* <a <60*) is
As expected the adaptation of case A at M - 0.73 and tested to prove that wall adaptation can be realized even
a - 3.5 gives very different results (case C2), see the in a difficult case (4.20].
bottom of Fig. 4.23. The flow field was measured around the model with a
The 3-D adaptation code is operational at T2 since 1985 5-hole probe. Test results are presented in Fig. 4.24
and it has been extended by a correction method [4.18, with the associated wall shapes SI, S2 and S3.
4.19] to Improve the efficiency of the process. A Mach Three shapes are compared: S2 is very near to the
number range up to 0.95 for axisymmetrcal bodies and adapted case, SI is symmetrical with straight parts and
up to 0.84 for half models has been sucessfully explored, S3 Is an extremely asymmetrical shape with a large step
the adaptation being realized In one or two iterations, at the upper wall.

The Mach number distribution presented at the bottom
of Fig. 4.24 shows the tolerance to the wall shape. Only

4.3.6 Preliminary mpersonlc tests in the $5Ch wind at 600 an upwash of about 30 appears.
tunnel at ONERA Chalats Meudon
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Fig. 4.24: Supersonic test,, with different adaptcd wall contours: S2, S3.

nominally in this plane. Thc contours are shown at
0.002 intervals. Blockage is shown to be eliminated

4.3.7 Experimental results from TSWT at the University within this tolerance by wall adaptation.
of Southampton Upwash is eliminated along the target line but remains

Experimental tests [4.9] were performed with two side- at significant levels near to the root. This fact underlines
wall-mounted hair-wing models, a cropped delta wing Wedemeyer's suggestion to use a different tdnnel cross
(Fig. 4.25) and a swept wing (Figs. 4.26, 4.27). section for large span models, if upwash is to be reduced

The data are in three parts. Fig. 4.25 shows contours over the full wing span.

of constant wall-induced blockage and wall-induced Fig. 4.26 shows some adapted wall contours for the
upwash, each as velocity perturbations referenced to the swept wing model tested at g° incidence and Mach
freestream velocity, for the cropped delta wing. Wall number 0.8. The target line in this case was the sidewall,
adaptation was aimed at eliminating these two compo- the root of the half-wing model. The wall deflections in
nents of interference along the 'target line" which, in the region of the model are 2 mm or les, in sharp con-
this example, is the horizontal tunnel centreline. The trast with deflections in this region in typical tests on
contours show interference levels on the horizontal two-dimensional models where deflections of 10 mm
plane through the centreline. The model was mounted are quite commonly experienced in TSWT.
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However the removal of wall-induced downwash down- is moved across the span. The measures of residual
stream of the half wing requires quite substantial upwash are expressed in terms of root camber, tip cam-
downward movements, rising to about 9 mm at these ber, and twist from root to tip. As the target line is
test conditions. This could lead to a misalignment of the moved from the root towards the tip (y/b rising from 0
flexible walls with the remainder of the tunnel, but in towards I) the residual induced camber shifts from zero
the case of TSWT there is an adjustable diffuser at the root to zero at the tip. The data is rounded to the
between the ends of the flexible walls and the next fixed nearest 0.1 of a degree. It appears from an inspection
part of the tunnel which accommodates the misalign- of the table that a target line should not be chosen at
ment. the root, but that any line between about 1/4 to 3/4

semi-span will give the lowest levels of curvature. For
Corresponding measures of residual upwash interfer- example, if the curvature figures for the y/b = 0.27
ence for the same model, test condition and target line target line are summed in order to establish a rough
are shown in the table enclosed in Fig. 4.27. The table figure of merit, the figure is about 0.4 degrees. With
includes also the interferences present as the target line straight walls the corresponding figure was 2.2 degrees.

WALL INDUCED BLOCKAGE o

IN PLANE OF MODEL WALL @-
SPLAC MENT . TOP WALL

-0.1- P T /

0 ;0
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C--J dt. dd lthnro,,,. T r SS,, ol, P .r ,.d r Fig. 4,26: Wall displacement for sidewall mounted
swept wing, AR = 2.7.
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doil olt oalo to TRW ot MoI. 0.7 ood r Fig. 4.27: Influence of targetted line.
AR 2.7 swept wing, sidewall mounted.

Fig. 4.23: TSWT half-wing tests (Moo- 0.7, a - go).
Contour map of wall-induced blockage and
upwash in the plane of the model.
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4.3.8 Experimental results at TU Berlin

Important research was done at the technical University
of Berlin by Ganzer [4.5, 4.17]. The main part of the
work concerning 3-D flows was performed in an octag-
onal test section (H - 0.15 m, W - 0.15 m, L -
0.35 m) allowing a complete 3-D adaptation.
Originally, a test section was built and equipped withtwo flexible fiberglass walls as shown in Fig. 4.28. Eight
to thirteen jacks driven by electro-motors were used.
This test section, mainly devoted to airfoil tests, was
also used for 3-D model tests employing the adaptation
method of Wedemeyer and Lamarche.
An example of wall adjustment is shown in Fig. 4.29
and Fig. 4.30 with the model Ft (blockage 1.1%),
which is a swept wing fixed to a cylindrical body with
an ogive nose. Measurements were made at the wall and
with a six-component balance.
Results indicate very small displacements of the jacks

Fig. 4.28: The 2-D adaptive wall test section at TU corresponding to very small pressure variations along
Berlin. the walls. The blockage effect of the support was also
-cis noticed.

-05 ''Ganzer concluded that adaptation of only two walls can
provide a solution to the problem of transonic blockage.

Cp 0 Wall interferences become amenable to theoretical cor-
rection methods, in particular as the boundary mess-
urtments on solid walls are easier to perform than for
ventilated walls.

-0JO Wall adaptation for supersonic flows (I < M < 1.3) was
also studied. Due to the nearly conical shape of the
shock waves (and other waves) the adaptation in a 2-D

PLANEWALL test section with flexible top and bottom walls appears
to be not feasible.

4.4 Limitations and open questions
1s2.AR. 4.4.1 Introduction

b d l s n cithat, when the model is in the test-section flow, the wallboundary layer displacement surface coincides with a
stream surface that would be observed if the test section
had infinite size. In a three-dimensional flow this stream
surface is, in general, also three-dimensional. Further-
more, the free-stream Mach number and model orien-

? l1BTE ON tation relative to the free stream, in the ideal infinite
bt % flow, would have to be the same as their effective values

b.O" in the real, adapted-wall tunnel. Many of the problems
arising in attempts to achieve perfect adaptation occur
even when the wall is capable of three-dimensional

us i deformation, such as in the rubber-wall test section at
-1 0 I 2 G6ttingen, the octagonal test section at Berlin or the

POSIDON xlI variable porosity test section at Tullahoma, see e.g.

Fig. 4.29: Pressure along centreline of the flexible wall. Ref. [4.5]. Some, however, are peculiar to the situation
Model Fl, M - 0.80, a - 0*. that arises in two-dimensional adaptation for three-di-

mensional flows. As has been shown in the previous
sections of this chapter, this technique has very impor-
tant advantages, and it is possibly the only arrangement

I.rrERATION that is feasible for high-productivity tests, see next
chapter.
Two-dimensional wall adaptation is necessarily imper-
fect. The residual interferences that occur must there-

.TER. fore be determined. To keep them small, the model and
flow are subject to certain restrictions. For example, the
strategy of Wedemeyer and Lamarche (4.2, 4.4], in
which wall interferences are eliminated along the cen-
treline of the test section, is subject to the followingassumptions:

0 P.LAN/ A. I. The lateral extent of the model is not a large frac-
-1 0 1 2 tion of the test section width.

POSITION xll
2. The asymmetry of the flow with respect to the ver-

Fig. 4.30: Displacement of the flexible walls. Model F I, tical centre plane of the test section is small.
M - 0.30, a - 0° .  

In this section we first address the limitations imposed
by these assumptions and then discuss other limitations.
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1.0 1.0 images of the model in the sidewalls and in the top and
bottom walls. The sidewall and horizontal walls have

W. I., Wi *t opposite effects on the spanwise variation of the
ULL MODEL A 0* FULLMODELA=40' upwash. Changing the aspect ratio of the test section

- - changes the relative importance of the sidewall and
horizontal wall images, so that a more favourable
upwash distribution may be achieved.

This was examined numerically by Wedemeyer and
2y/b 2y/b Lamarche [4.7]. An example of their results is pre-

0 . .0 0 .s 0.o sented in Fig. 4.32. A typical transport aircraft model
UPWASH with span 2s was considered at M. = 0.7 and CI = 0.5
INITIAL;WING: WN 0/, _ in a test section of height h and width b. The ratio

3.0 - RESIDUAL;WING :W 1 ,laO/,r 2s/jbh was taken to be 0.7 corresponding to 2s/b =
_. RESIDUAL: TAIL (x =0.7b) 0.7 in the square test section. As may be seen, the resi-

Wi( N - W- -- - )- - - -------- dual upwash and blockage interferences arc approxi-
2.02.---- mately minimized by choosing b/h - 1.4. At this value,

2.0 2.0 "the residual upwash and the residual blockage are
nearly zero. The effect of test-section aspect ratio is even
more favourable if the model span is larger. This is

o 1.0. shown in Fig. 4.33, giving results for the residual
0ALMODELA= upwg, for the same conditions as in Fig. 4.32 but for

2s//bh 1 0.7, 0.8 and 0.9. The maximum residual
2Vb2b upwash at 2s//bh = 0.9 in the test section with

0 . 1.0 0 .5 1.0 /h = 1.4 is only 0.060, i.e. significantly below the val-
ue at 2s// bh = 0.7 in the square test section, which is

B'OC!KAGE about 0.330.
A = 40' Clearly, the residual interferences are not an important

.01 .01 limitation in full-model testing. The situation is signif-

icantly different for half-model testing, as may be seen
u. U1  from Fig. 4.31 center, where the residual upwash wall

.s 2y/o interferences are seen to be negative if cancellation is
. . . 0. achieved by adaptation along the centreline in the sym-

FULLMOOEL:WlNG HALF MODEL;WING metry plane of the model. This is in keeping withFig. 4.32, bottom left, because the effective aspect ratio

-. o -.01 of the square test section with a half-model is b/h = 2.
Fig. 4.31: Residual interference distributions for a full Further numerical studies of residual interferences forvarious aspect ratios of the test section are reported by

model at M = 0.80 and CL = 1.0 Lewis [4.24] and presented here in Fig. 4.34. The
and a half model at M - 0.20 and CL = 5.0. parameter on this figure is the variation of wall-induced

upwash velocity along the span referenced to the free
stream Aw/U and expressed as a percentage. The cal-
culations were for low speed flow around a simple
horse-shoe vortex of unit strength. Elliptical snanwisc

4.4.2 Limitations due to model size loading was assumed.
An important feature of the residual interferences is
that they are zero at the test section centreline and have 4.4.3 Limitations in asymmetricifow
a minimum there. Hence they remain small to second
order with increasing distance from the centreline. A In section 4.4.2 we have only considered flows with a
consequence is that the limitations of 2-D adaptation symmetry plane passing through the model axis. Clear-
for 3-D flows are far less restrictive than might other- ly, the 2-D adaptation cannot cancel sidewash interfer-
wise be anticipated. This has been demonstrated by ences. This is therefore a serious limitation of the tech-
numerical studies. An example of the results of the nique whenever the sidewash interference is significant.
computation by Smith [4.8] for a model of a typical Such situations are very rare, however, as may be seen
transport aircraft with span equal to 65% of the width by the following argument. Objects tested in wind tun-
of a square test section are presented in Fig. 4.31, taken ns ae wi fewexen s es ed prod on
from [4.8]. The figure shows at the top the upwash nels are, with few exceptions, designed to produce only
distribution W, across the span for a full model at small side force per unit yaw angle, while the opposite
CL = I and M. = 0.0, with zero and 40* sweep. As is true of the normal force. Upwash and sidewash
may be seen, the wall-induced upwash increases slightly interferences Aa and AP are proportional to the forces
towards the wing tips I), but amounts only to less than experienced by the model in the respective directions.
0.1° 

for A - 0 and less than 0.2* for A - 400 for the Hence
wings and much less for the tail. The residual blockage
interference is smaller than 0.1%, see bottom left of side force normal force
Fig. 4.31. These numbers are in the same range as the /1
accuracy achievable in modern wind tunnels, so that
they do not represent a serious limitation, or

The residual interferences can actually be further AP
reduced by using a rectangular rather than a square test
section. This may be understood by considering the P a

Therefore, sidewash interferences are usually very much
') aemi o rs obtsanad by Romnhead (4.21] md Pmdl smaller than upwash interferences and need not be

(4.22] for w, in i, l too "dtion, n o laum [4.23]. considered.



56

U I horseshoe vortex

source sink
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residual interference
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Fig. 4.32: Effect of test-section aspect ratio on upwash and blockage interference.
Am - (A,..JA ). Ca. A; PI2Au/ U = (Abwy/An)"- T; y = spanwise posi-
tion, s - semispan.



57

4.4.4 Other limitations

Requirements of adaptive wail techniques such as min-
imum test section length, density of adjustment jacks,
performance as M_ - I, ability to return the flow

h direction to the upstream direction etc. apply equally to
other techniques as to 2-D adaptation for 3-D flows.

One of the important advantages of 2-D adaptation for
3-D flows is that the full test section is optically acces-
sible at least in one direction. This is not achievable in
3-D adaptation. Some modern diagnostic techniques
such as laser induced fluorescence show promise of
providing significantly more information about flows

b/h= I 0.9 2s than has been possible to date, and do so at a very high0rate. They require limited optical access in one direction
a and full optical access at right angles to it, however.

0.4 This seems difficult because a window needs to be made
0.8 on the flexible wall. Since it needs only to be small,
0.7 however, it is probably possible.

0.2

4.4.5 Conclusions

0 _Results of calculations made for transport aircraft
0 i models show that the residual interferences can be

reduced to such small values that they are in the same
b/h = 1.2 order of magnitude as the uniformity of the test section

flow achievable today or less. Adjusting the test section
£0 aspect ratio improves the situation significantly. Resi-

0.4 dual interferences arc not so small in half-model test
but can be reduced significantly if a special aspect ratio

0.9 test section is used.
011

0.2 0.7 It is advisable in any event to measure the residual
interferences by instrumenting all four walls with a suf-
ficiently large number of pressure tappings.

0 1 y/s The advantages of the 2-D adaptation seer.- to outweigh
0 the limitations in view of the more general limitations

on flow uniformity achievable in transonic wind tun-
/h = 1.4 nels.
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5. HIGH PRODUCTIVITY TESTING

Editor: J. Smith
Other contributors: B. edeoayer, A. Mignosi

5.1. General considerations For "continuous" testing, i.e. performing
measurements while the test conditions are

Important paramters of a production wind- gradually changing with time, different and
tunnel are its efficiency and versatility, probably less rigorous strategies will be
Efficiency can be expressed in term of required. Since "continuous testing"
"cost per data point", accounting for both provides the higher production rate and is
the investment and running cost. Versatility more demanding with respect to both hardware
refers to the variety of tests the wind- and software, it will be discussed in more
tunnel can accept and Is suited for. Both detail in Section 5.2.
aspects can be effected by the introduction
of an adaptive wall test section. The operational versatility of an adaptive

wall test section will generally he less than
The additional investment required for fully that of a conventional one. For instance,
automated adaptive wells, relative to pas- possibilities for optical access and auxilia-
sive walls, is estimated to be of the order ry mounting provisions are more limited since
of 8 - 202 of the "turn-key" cost of a tran- they may interfere with the active walls.
sonic windtonnal depending on e.g. the nun- Moreover, in the particular case of 2D flexi-
ber of adaptive walls. Maintenance cost will ble solid wells, testing at near-sonic free-
also slightly Increase. The running cost may strem conditions is not (yet?) possible. On
be much more sensitive and is dominated by the other hand, the better flow quality that
energy consumption and production rate. can be achieved with solid walls may be of

Importance for e.g. Natural Laminar Flow de-
For 3D testing, the power requirement does velopment and transport aircraft drag optimi-
not strongly depend on the adaptive or pas- zation while, in addition, the associated
sive nature of the walls. However, the reduced power requirement may be re-invested
energy losses in a solid wall test section in order to obtain higher Reynolds number.
may be 20 - 50Z smaller than those in a simi-
lar ventilated one; roughly half of this
reduction may still remain when considering 5.2. Towards high production rates
a complete closed-circuit vindtunnel. There-
fore, an interesting reduction of power re- In the past decade, the operation of produc-
quirment can be obtained by applying adap- tion vndtunnels has shown an appreciable
tive solid wells instead of ventilated shift from "step/pause" to "continuous" test-
walls. ing. Continuous force measurement procedures

are wall-established, while developments are
The production rate depends strongly on tun- still directed to ever increasing rates of
nel control, date acquisition and data pro- change of, especially, the angle of attack,
ceasing, and test procedures. There is no exploring the possible limits. Similar advanc-
apparent reason why tunnel control should es have been mede for pressure measurements
differ much for either passive or adaptive since the advent of electronic pressure scan-
walls, apart from the additional adaptive ning systems. Therefore, it is to be expected
wall control as such. Adaptive walls, how- that adaptive wall windtunnels will have to
ever, require fast data acquisition, not be able to operate in a "continuous testing"
only of model data but also of wall boundary node in order to be competitive. Unfortunate-
data. Moreover. date processing should be ly, "continuous testing" adaptation strate-
very fast in order to allow feed-back of ies are not yet well-established, so the
measured data to wall control. For high-pro- following discussions ere, for an important
ductivity testing, traversing systems (e.g. part, bound to be rather speculative in na-
traversing probes, LDV) and mechanical scan- ture.
ning devices do not seem acceptable as meth-
ods for determining the flow near the walls. Considering power requirement, flow quality

and relative ease of wall boundary measure-
In general, the test procedures applied in ment, flexible solid walls seem to have defi-
present day adaptive wall research facili- nite advantages as compared with adaptive
ties reflect that relatively little atten- ventilation, except for the near-sonic flow
tion has been paid to production rate (for domain in which perforated walls (passive or
obvious reasons). The proven strategies re- adaptive) are still unrivalled. Regarding
quire the measurement of an "initial test operational versatility, it seem undesirable
condition" and one or more subsequent sa- to aim at full 3D streamlining of the walls.
sureaments of nominally the same test condi- Besides, full streamlining (i.e. wall inter-
tion in order to arrive at the optimum wall ference elimination) tends to increase the
setting at which the effective data point is need of iteration as opposed to adaptation
taken (Sections 3.2 and 4.2). Such strate- aimed at obtaining correctable conditions, to
giss are limited to measurements in a "step/- be discussed later. For these reasons, but
pause" fashion and require, per data point, also because of the simpler presentation in-
at least twice the mount of time used for volved, the following discussions will mainly
conventional step/paue testing. However, be phrased in terms of 2D adaptation (for
the "true" conditions can be defined a prio- both 2D and 3D testing; see also Chapter 4)
ri instead of after correction. This may by means of flexible solid top and bottom
considerably reduce the required amount of walls and plans solid side walls. They will
data points (and testing time) by elimina- also be limited to test conditions with sub-
tins the need to interpolate between (close- sonic flow near the adaptive walls. Within
ly spaced) data points in order to arrive at these limitations, however, the general phi-
the desired test conditions. losophy should also globally apply to adap-

tive ventilated walls.
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5.2.1. Data acquisition and wall control wall Interference assessment (not: correc-
tional) are fundmaenttally related (See also

In order to meet the "continuous testing" Subchapter 6.2); those considering the "inte-
requirement, both model quantities and wall rinor flow domain" are compatible with and
boundary conditions mist be measured almoat complementary to those considering the "imag-
instantaneously and simultaneously. This inary exterior flow domain" and will, there-
seems feasible with respect to force balance, fore. have very similar limits of validity.
electronically scanned pressure and vall die- It i generally assumed that these lilits
placement measurements. (Wall boundary condi- are encountered when supersonic pockets ex-
tion measurements In a ventilated test sec- tend to the test section walls.
tion are still much more problematic).

The linearized flow assumption creates the
A possible approach to fast wall control is possibility to reduce the necessary on-line
the concept of a "live wall", vhere all con- calculations, with respect to both "One-
trol units (e.g. jacks) move simultaneously Step" wall adaptation and residual Interfer-
and proportionally from a previous setting ence assessment, to mare matrix a vector ul-
to the next to arrive there (quasi-) amulta- tiplications. The vector represents the zma-
neously. Such a "live wll" also seems feasi- oured wall boundary conditions; the matrices
bs, although safeguarding the process eem represent the corresponding influence coeffi-
a major, but solvable, problem. In fact, cients. It would be most profitable if the
OHMlA T2 already applies proportional, but test procedure were such that the matrix co-
not simultaneous, Jack control, efficients could be calculated during the

time In between successive "sweaps" and would
remain constant during the sweeps.

5.2.2. Adaptation algorithms and strategies

Wall adaptation calculations mst be per- 5.2.3. Test procedure
formed extremely rapidly in order to keep
the wlls "live". Moreover, it is not suffi- In the early days, NPL adopted the policy of
cient to calculate the optimum wall shape using the Mach naber sweep (i.e. varying Ma
for the data point taken at a specific mo- at a fixed angle of attack setting a) in pref-
sent. On the contrary, at that moment the erence to the a-owap (i.e. varying a at
wlls should be instructed where to go to fixed Ka) in order to minialse the tim re-
for the NEXT data point. In other words: the quired to set walls by minmaising the dis-
adaptation algorithms should to sm extent tance travelled between test conditions (Chap-
be predictive, probably by some kind of ex- ter 1). For continuous testing in a flexible
trapolation of data from preceding data wall test section, however, there ere dis-
points. It may be expected that such an ap- tinct advantages of applying the n-sweep in-
proach has inherent Imperfections. However, stead.
considering the data point density that can
&asily be obtained in continuous testing, it First of all, the matrix coefficients man-

may be expected that the Imperfections can tioned in the previous section depend on a
be satisfactorily eliminated by applying variety of geometrical quantities (e.g.: test
residual interference corrections. Obvious- section geometry, distribution of wall bound-
ly, iterative techniques can never cope with ary data. location of the "target line", see
continuous testing. Only so-called "One-Step also Section 4.2) and the reference Mach num-
Methods" ((5.11 - (5.51) could be combined ber. The geometrical quantities can be fixed
with a data prediction scheme, during a test, so the matrix coefficients

will then only depend on Mach number and,
It has been argued (e.g. 15.1]) that One- therefore, do not need to be recalculated
Step Methods can not exist: "because the during an a-sveep. The time between succes-
pressure and velocity fields of the model sive sweeps, alrsady required to change the
will change after the wall adjustment and Mach number setting, can be used to calculate
resultant interference reduction". This will the coefficients for the successive Ma-sweep
undoubtedly be the case if the adaptation without delaying the test.
process Is aemd at the elimination of inter-
ference. If, however, wall adaptation is Secondly, buoyancy is generally very small in
limited to the elimination of interference a solid wall test section (except for, maybe,
gradients only rs.5 ], then the associated wings with massive flow separation, isolated
changes of the model flow may generally be propellers, etc.) and blockage Is, therefore,
expected to be sufficiently small to be ig- correctable. Consequently, the reduction of
nored. Of course there are exceptions, for streamline curvature, which is roughly propor-
instance in case these gradients happen to tional to lift. seems to be the main issue.
induce or suppress flow separations or shock Lift is a major driving factor in terms of
wave displacements. In continuous testing wall interference and, even at fixed angle of
with a "live" adaptive wall, however, such attack, varies considerably at higher Mach
effects are relatively mall because the numbers (around the "lift divergence" condi-
gradients are relatively small due to the tions).
gradually changing, always partly adapted
for, test coditions, provided that the Thirdly, the spec

4 
required for wall adjust-

starting point of each "sweep" is properly ment during a-sweeps does not seem to present
adapted for. These starting points could be a major problem for test sections of the usu-
treated by means of Iterative techniques al sies. For instance, (5.7] suggests a maxi-
(Including One-Stop Methods), without ser- mum displacement of about 1.50 ma/deg. or
ously increasing the running time. roughly 0.002 * ,B C H per degree change of

angle of attack at Me - 0.70 (See also Fig.
Although present day One-Stop Methods are 1). Tripling that value in order to, generous-
restricted to linear flows, the following ly, account for half models higher Mach num-
most be stressed r5.6]t All modern linear- bere, etc. and assuming s W - 2 a would,
ied flow theories for wall adaptation and
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for example, lead to a speed requirement of e) Data points
12 m/dog. This seems quite feasible for the
currently comon rates of change of up to I Take data, calculate (and possibly ap-
dog./sec. Of course, the requirement may ply) residual corrections and "optimum
cause serious problems should the rate of wall setting" (One-Step Method), which
change be much larger. may differ slightly from the predicted

one, for this data point and improve
Finally, varying a at constant Ma can general- the estimates of dCL/da and k4 using
ly be performed at much higher rates (in the present and previous datapoints.
terms of useful data points per second) than Predict C and wall setting for the next
its opposite, because of inertia, data poini, using the improved estimates

of dC /do and k as well as the present-

ly ca culated "Aptimum wall setting".
5.3. Conceivable high-productivity strategy

f) Completing the n-sweep
From the previous sections, a possible high-
productivity strategy can be conceived. For Repeat steps d) and a) until the sweep
convenience, the strategy will be phrased in is completed. Then proceed with step b)
ters of an aircraft model with its pitch if additional sweeps are required.
axis coinciding with the centre of a 2D adap-
tive flexible wall test section and tests It may be useful to recall here that the stra-
consisting of (continuous) n-sweeps. tegy is mainly based on minimisation of

streamline curvature effects. After the first
a) Test preparation data point of each sweep, however, also block-

age and buoyancy may vary per data point and
Perform numerical simulations of the certainly the upwash level will. Upwash and
model in the test section, for various blockage are assumed to be correctable (they
Mach numbers and at least two, suffi- surely are if no gradients occur) and buoyan-
ciently different, values of lift. Also cy is assumed to Le small (Section 5.2.3.).
numerically simulate the associated
optimum wall shapes in the best possi-
ble way. Separate lift and blockage 5.4. Some experimental and numerical support for
affect-, proposed strategy

From these, derive first estimates of 5.4.1. Experiment
wall displacements as functions of
lift. Considering the linearity of the Some typical examples of wall displacements
problem, wall displacement may be e.- associated with 2D wall adaptation for an
pected to vary linearly with lift, so aircraft model, taken from [5.7], are shown
the functions will essentially be con- in Fig. 5.1. Because forces have not been
stants k - do/dC for each Jack loca- measured during this test, wall displacement
tion andj1ach number (section 5.4.1). is shown as a function of incidence. The sta-

tions A-D have been chosen arbitrarily and
b) Before the first and In between succes- are identified in the top of the figure. The

sive n-sweeps actual wall displacements have been divided
into a part representing the "camber" of the

Set the Mach number and simultaneously test section (o) and a part associated with
calculate the influence coefficient the local increase in test section height
matrices with respect to a One-Step (6). The "camber" a is associated with model
adaptation method and wall interference lift and 8 reflects the compensation of block-
assessment (Section 5.2.2). Estimate age.
the initial dCL/dn.

L As expected, a turns out to vary linearly
c) First data point of each sweep with lift, enabling its prediction (with con-

fidence) for a subsequent data point from
Take data and perform wall adaptation preceding ones. The local height variation 6
as well as possible, starting with an varies non-linearly with lift, but omitting
initial wall shape derived from step a) such a variation mainly affects the (correct-
and, if necessary, using an iterative able) blockage level, unless massive flow
technique. The eventual adapted wall separation occurs.
should eliminate blockage, buoyancy and
streamline curvature, but not necessari- A similar example, taken from a half model
ly the upwash level, in the vicinity of test in ONERA T2, is shown in Fig. 5.2. At
the test article along e.g. "a target the higher lift coefficients, some non-linear-
line" (Section 4.2.). ity appears in the o-curves which might be

associated with large supersonic pockets on
Predict CL and wall setting for the the wing's upper surface. Besides, it is indi-
next data point, uning the known next cated that 6 may be well-predicted by area
value of a end the first estimates of ruling, i.e. by creating a constant cross-sec-
dC./do and k by adding the associated tion stream tube.
i;irements t the present values.

Very aimllar results, not shown here, have
d) Start or continue the actual n-sweep been obtained for tests on ?D aerofoila.

Change a and wall setting simultaneous-
ly and linearly with time towards the
predicted next setting. When the next
setting is reached, perform the next
step (a) without changing the ongoing
movements.
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5.4.2. Numerical slmulation High productivity implies the requirement of
"continuous testing", i.e. performing me-

Although the experimental results do suggest surements while the test conditions are grad-
the feasibility of a predictive adaptation ually, but continuously, varying in a con-
strategy, such a strategy has never been ap- trolled way. "One Step Methods" are not by
plied. Therefore. a numerical simulation has themselves suited for continuous testing. In
been performed (5.81. order to anticipate the ever varying test

conditions, the necessary wall adaptation
A panel method was used to simulate a typical strategy must also to some extent be predic-
aircraft model in a 2D flexible wall test tive.
esection (Fig. 5.3). Since the Mach number Such strategies are presently not well estab-
merely represents a scaling factor (in linear- lished. Therefore a poesible high productivi-
ized subsonic flow), Ma - 0 was adopted, for ty strategy has been discussed in a somewhat
convenience. For comparison, unbounded flow. speculative fashion, although supported by a
one-step adaptation (as would be used in a little experimental and numerical evidence.
step/pause mode) and conventional plane eol-
Id wells have also been considered.

5.6. References
The strategy applied for predictive adapta-
tion corresponds with the Nil strategy (see [5.1]Judd, M. Goodyer, M.J. and Wolf. S.W.D.:
Chapter 4), with one exception: Application of the computer for on-site
The initial sestimates of k (- do/dC ) were definition and control of windtunnel
obtained in an approximatejvay, simuating shape for minimum boundary interference.
the plane vail "experiment" by means of a AGARD-CP-210. paper no. 6, 12 pp., 1976.
method of images with a very conventional (5.2]Wolf, S.W.D. and Goodyer, M.J.: Predic-
model representation (swept horseshoe vor- tive wall adjustmnnt strategy for two-
tax). In addition, the values of k have not dimensional flexible walled adaptive
been updated during the sweep. ThiA omission windtunnsl - A detailed description of
allowed faster calculations, because interme- the first one-step method. NASA
diete applications of a One-Step Method then CR-181635, January 1988.
are no longer necessaryl In order to update r5.31Wedeueyer, E.: Wind Tunnel Testing of
dC /dm before reaching the second effective Three-Dimensional Models in Wind Tunnels
daia point, an intermediate point was taken with Two Adaptive Walls. VKI-TN-147.
at n - -4", not shown here. Oct.1982, 30pp.

r5.4]Ltirche. L. and Wdemyer. E.: Minimizs-
The small differences between the results of tion of Wall Interference for Three-Di-
the One-Step (OS) and Predictive Adaptation mensional Models vith Two-Dimensional
(PA) for the first data point a - -5* are Wall Adaptation. VKI-TN-149, Mar.1984,
due to the fact that the Predictive Adapta- 56pp.
tion. in this case, applied the NLR One-Step T5.51Smith, J.: A Theoretical Exploration of
Method twice (i.e. iteratively). the Capabilities of 2-D Flexible Wall

Test Sections for 3-D Testing. NLR MP
The OS and PA "measured" data also agree 84018 U (1984).
very well for the remaining data points. r5.61Garteur Action Group AD (AG-02): Two-di-
again supporting the predictive strategy. As mensional transonic testing methods;
was to be expected, the data "measured" with final report. Garteur/TP-011. (Also: NLR
Plane Solid wlls (PS) are less satisfactory. TR 83086 U). 1981.
After the application of (residual) correc- rS.7]Holst, H. and Raman, K.S.: 2D Windtunnel
tions. all date agree very well, including wall adaptation for testing 3D models.
the Unbounded Flow (UF) reference data. DFVLR Goettingen IB 29112 88A04, Feb.
These results confirm the effectiveness and 1988.
similarity of the two different adaptation rS.8]Smith. J. and Labrujire, ThE.: To be
procedures. published (NLR)

On the other hand, the results hardly demon-
strate the necessity of adaptive walls. Ap-
parently, the low Mach number suppresses the
mutual differences considerably (scaling
factor). For more conclusive results, higher
Mach numbers (and preferably local superson-
ic flow on the model) ought to be consid-
ered. For such studies, however, experiments
seem more appropriate.

5.5. Concluding remarks

Considering investment cost, running cost.
operational versatility and flow quality,
the present feeling is that a so-called "two-
dimensional flexible wall test section" is a
near-optlmm solution for production windtun-
nals, up to high subsonic Mach nmbers. For
near-sonic test conditions, ventilated walls
are still unrivalle4.

-wi
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BLOCKAGE RATIO - .017
HeB*L 2.0 * 1.6 * 5.0 m

2s/B - 0.69
SWEEP - 20 deg.
MACH -0

"Measured" data Principal (residual) corr. Corrected data

Type
)  

a. CL CM dn/U Ao" A1 a CL CM
c C

UP -5.009 .0500 -.3206 .. .- - 5.009 .0500 -.3206
OS -5.000 .0500 -.3206 .0005 -.009 -.007 -5.009 .0499 -.3201
PA -5.000 .0499 -.3203 .0003 -.009 -.009 -5.009 .0499 -.3200
PS -5.000 .0511 -.3247 .0026 -.009 +.012 -5.009 .0502 -.3213

UP .195 .5841 -.6154 -.. .. . .195 .5841 -.6154
OS .000 .5869 -.6169 .0005 .196 .206 .196 .5861 -.6155
PA .000 .5851 -.6161 .0001 .183 .194 .183 .5846 -.6150
PS .000 .5963 -.6361 .0024 .204 .389 .204 .5875 -.6178

UF 5.400 1.1049 -.8604 .. .. .. 5.400 1.1049 -.8604
OS 5.000 1.1097 -.8646 .0004 .401 .419 5.401 1.1083 -.8625
PA 5.000 1.1061 -.8633 .0001 .374 .396 5.374 1.1056 -.8616
PS 5.000 1.1265 -.8971 .0024 .415 .759 5.415 1.1100 -.8644

•)UF - unbounded flow

PA - predictive adaptation (continuous testing)
OS - one-step adaptation (step/pause)
PS - plane solid walls

Fig. 5.3 Numerical simulation of different procedures
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6. Limits of adaptation, residual interferences

Editor: M. Mokry
Other contributors: J.C. Erickson, Jr., M.J. Goodyer, A. Mignosi, G.P. Russo,

J. Smith, E. Wedemeyer, and P.A. Newman (NASA/LaRC)

6.1 Adaptation vs. passive walls

The need to perform wind tunnel tests at high subsonic test section. For large models residual interferences must,
and transonic Mach numbers has led to an early recognition therefore, be taken into account. Moreover, an estimate of
of the fact that conventional solid wall wind tunnels become the residual interferences is not simple. In principle, the
choked and that wall interference corrections based on in- conventional method of calculating wall interferences, rep-
earized theory diverge as the test speed approaches Mach resenting the model by singularities, can be extended to
number one. To ovesome these difficulties new test section wind tunnel walls that obey the boundary condition (6.1).
designs were investigated avoiding the detrimental influence It should be noted, however, that Eq.(6.1) is a simplified
of rigid walls. An obvious solution was the contouring of boundary condition, related to "ideal slotted wall" while
the test section walls which led to the early development of the boundary condition for real walls is more complicated
adaptive wall wind tunnels at the National Physical Labo- and probably nonlinear. Thus, using Eq.(6.1) introduces
ratory in the late 1930's. Another solution, that also goes some uncertainty into the calculations.
back to the late 1930's, was the development of test section The boundary condition for "ideal perforated wall" is
walls with longitudinal slots.

The technical and operational simplicity of the slotted P + =(
wall wind tunnel may have led to the decision to abandon P& + n 0

the adaptive wall approach in the 1950's. Twenty years
later, in the early 1970's, a renewed interest in adaptive where z is the coordinate in the streamwise direction. The
walls arose. Test experience had uncovered certain deficien- porosity parameter P depends on the geometry of the wall,
ces of ventilated wall test sections that will be discussed notably the open area ratio, and on the local flow condition
below. Most important for the revival of the adaptive wall at the wall, Ref.[6.41. The free jet boundary is represented
wind tunnel was, however, that adaptation strategies could by P = on and a solid wall by P =-0. Again, since only one
be used to determine the exact, interference free wall con- parameter (P) can be adjusted, the elimination of wall in-
tour with the aid of high speed computers. terferences is only partial. Evaluation of wall interferences

based on Eq.(6.2) is unreliable; a true, universal boundary
6.1.1 Ventilated walls condition for perforated walls is not known.

More rigorous methods to calculate wall interference,
It has been known that the combined effect of solid which are discussed in Section 6.2, require the measure-

and open wall elements can largely reduce wall interfer- ment of two variables over a control surface (two-variable
ence, Ref.[6.1], and calculations of Wieselsberger in 1939, method) or the measurement of of one flow variable and ad-
Ref.[6.2], had shown how wall interferences could be mini- ditional model data (one-variable method). Either method
mised, theoretically, by a suitable arrangement of longitu- can be used to assess the residual wall interferences. How-
dinal slots in the test section walls. Moreover, the config- ever, in performing the required measurements, the oper-
uration of slots was independent of the test section Mach ational simplicity - a great advantage of the passive wall
number so that the same slotted wall test section could wind tunnels - is lost. It should be remembered that, due
be used throughout the whole range of subsonic, transonic, to the inhomogeneity of the flow near a slotted or perfo-
and even low supersonic speeds. It was found later that rated wall, the required flow variables cannot be measured
at supersonic speeds perforated walls are better suited to on the walls, which renders the assessment of residual in-
cancel wave reflections, Ref.[6.31. terferences extremely cumbersome.

Under certain simplifying assumptions it can be shown Other disadvantages of slotted and perforated test sec-
that the flow over slotted walls is subject to the following tion walls are:
boundary condition for the velocity potential 0: a the generation of aerodynamic noise and

KO =0, (.) a the drive power is increased by about 50% compared
-, (with a solid wall wind tunnel.

where n is the coordinate along the outward normal of the 6.1.2 Adaptive walls
wall surface. The slot parameter K depends on the num-
ber of slots and the open area ratio. The free jet bound- In contrast to passive (slotted or perforated) walls,
ary is represented by K = 0 and a solid wall by K = co. adaptive walls allow, in principle, a complete elimination
Since the wall interferences have opposite signs for free jet of wan interferences - at the expense of a more or less com-
and solid wall test sections, it is obvious that they can be plicated and time consuming adaptation procedure.
minimised for an intermediate value of K. Precisely, the For the case where the wall adaptation is achieved by
wall induced upwash (v,.) or the blockage induced velocity a deformation of solid walls, the procedure is still relatively
(it.) at the model station can be eliminated by a proper simple as the required flow variables on a control surface
choice of K. Fortunately, for the K-value that eliminates can be gained readily by measuring the wall pressure dis-
the upwash interference the blockage interference becomes tribution and the wal displacement.
very small. Nevertheless, since only. one parameter (K) For two-dimensional flows the use of flexible plates
can be adjusted, the elimination of wall interference is lim- as top and bottom walls offers itself as a simple solution.
ited to only one component at only one station within the Three-dimensonal adaptation of solid walls is not easy to
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Table. 6.1 Summary of 'streamlined' data; NACA 0012-64 airfoil in the
TSWT

Reference Model Reference Model Performance Residual Interferences(l1 Wall Loadings
Number Incidence Mach

(Deg) Number CIL C CM a Error Camber Error Cp ET Es
(M.) (Deg) (Deg) Error

1 0.5 0.4024 0.0326 -0.0126 -0.0083 0.0034 -00081 -0.0026 0.0040 0.0045

2 0.5 0,4985 0.0330 -0.0127 -0,0068 0.0135 0.0001 0.0022 0.0052 0.0055

3 0.5 0.6006 0.0344 -0.0124 -0.0071 0.0089 -0.0092 -0.0035 00096 0.0085

4 0.5 0.7035 0.0363 -0.0117 -0.0066 0.0104 0.0047 -0.0019 0.0034 0.0040

5 0.5 0.8052 0.0444 -0.0098 -0.0073 0.0014 0.0071 0.0026 0,0038 0.0034

6 2.0 0.4040 0.1577 -0.0121 -0.0359 0.0059 0.0049 -0.0042 0.0083 00091

7 2.0 0.5041 0.1655 -0.0122 -0.0362 0.0069 0.0035 -0.0066 0.0088 0.0082

8 2.0 0.6047 0.1688 -0 0120 -00352 0.0094 0 0124 -0 0041 00066 0.0068

9 2.0 0.7011 0.1802 -0.0112 -0.0336 0.0020 -0.0053 -0.0018 0.0047 0.0044

10 2.0 0.8040 02128 -00048 -00394 -0 0041 0.0093 -0.0066 00085 00077

11 4.0 0.4010 0.3392 -0.0080 -00766 00078 0.0083 -0.0012 0.0043 00053

12 4.0 0.5026 0.3534 -0.0088 -0.0778 0.0003 0.0189 -0.0034 00076 00076

13 4.0 0.6022 0.3719 -00100 -00778 -00059 00031 -0.0035 0.0068 00078

14 4.0 0.7019 0.4333 -0.0074 -0,0829 0.0026 0.0022 -0.0026 0,0072 00067

15 4.0 0.8022 0.3417 0.0127 -00613 -0.0115 -0.0227 -0.0003 0.0077 00059

16 6.0 0.4049 0.5120 0.0009 -0 1138 -0.0032 0.0110 -00049 0.0066 0.0049

17 60 0.5054 0.5323 -0.0034 -0 1140 0.0064 0.0230 -0.0027 0.0053 0.0061

18 6.0 0.6052 0.5697 -0.0003 -0,1132 -0.0003 0.0209 -0.0031 0.0058 0.0063

19 6.0 0.6998 0.6521 0.0153 -0 1309 0.0112 0.0307 0,0027 0.0042 00061

20 6.0 0 7981 0.3851 0.0379 -00720 -0.0047 -0.0018 -00044 00047 000S0

Note: (1) Residual Interferences
a Error:- Wall-induced angle of incidence at the aerofoil leading edge.
Camber Error:- Wall-induced camber over the aerofoil chord
C, Error:- Streamwise velocity error at the quarter chord point of the aerofoil expressed as an error in

pressure coefficient.

Table. 6.2 Summary of 'straight wall' data; NACA 0012-64 airfoil in the
TSWT

Reference Model Reference Model Performance Residual Interferences Wall Loadings
Number Incidence Mach- _______Nube Iciene ac aError Camber Error C,

(Deg) Number CL CO CM aDg) (De Error ET E

(M.) (Deg) Error

1 0.5 0.4079 0.0372 -0.0131 -0.0093 -0.0096 -0.0533 -00458 0.0342 00368

2 0 5 0.5040 0.0391 -0.0130 -0.0076 -00080 -00371 -0 0493 0.0372 00371

3 0.5 0.6001 0.0387 -0.0118 -0.0072 -0.0124 -0.0378 -0.0548 00437 00430

4 2.0 0.4067 0.1851 -0.0122 -0.0442 -0.1103 -0.4125 -00494 0.0509 00273

5 2.0 0.5019 0.1959 -0.0117 -0.0450 -0.1150 -0.4158 -00480 00522 00282

6 2.0 0.6064 0.2070 -0.0117 -0.0454 -0 1179 -0.4384 -0 0581 0 0569 0 0320

7 4.0 0.4050 0.4050 -0.0076 -00958 -0.2692 -09404 -0.0555 00760 0 1710

8 40 0.4986 0.4334 -0.0082 -0 1030 -0.2766 -0.9849 -00578 0.0768 00237

9 40 0.6002 04656 -00086 -0.1000 -0.2981 -10388 -0.0681 00856 00264

10 4.0 0.7046 0.4541 0.0202 -0.0896 -04360 -1.0966 -01219 0 1251 0.0676

11 60 04044 0604C 00022 -0,1395 -04028 -14520 -0.0640 0 1008 00226

12 6.0 0.5088 06580 -00031 -01470 -04385 -1.5397 -00692 0.1066 00249

13 60 0,6121 08327 00177 -0.1803 -0.6008 -19180 -01070 0 1482 00374

14 6.0 07092 06725 01334 -02015 -1.0695 -17473 -02929 03038 0.2105
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achieve as it requires highly elastic material, like rubber, 6.2 Residual Interferences
for the test section walls or a complicated construction as
for the octagonal test section of the TU Berlin. Because of a finite number of wall control devices

Finally, the use of test sections with two flexible walls (jacks, plenum compartments), limited number of instru-
for three-dimensional flows is a compromise, offering a very meat readings sad the approimation character of adapta-
simple operation sad "clean" solid walls at the expense of a tion algorithms, the unconfined flow conditions are not ex-
somewhat imperfect wall adaptation. Compared with pas- pected to he precisely attained even in the 'fully' adapted
sire wall test sections, the two-dimensional wall adaptation stage, Refs.[6.5]-[6.7]. The quality of wall adaptation can

is by far superior from the point of view of reduction of wall be judged by:

interferences, since both the downwash and blockage inter- i) global criteria, such as the mean modulus of wall load-

ferences are eliminated on a line rather than at a point. The ing for flexible walls, or

residual interferences are, therefore, less severe. Moreover, i) residual interferences at representative model loca-
they can be assessed easier and more accurately. tions.

The discrete values of wall loading at the pressure ori-Perfrmace f th soid all estsecionsnea maic ce locations are estimated as the difference of the interior
and supersonic speeds is somewhat less satisfactory, be- feations an estedor tedfrence oe int

cause of high sensitivity of flow to small changes of geome- (measured) ad exterior (computed) pressure coefcients

try of impermeable boundaries. Minor imperfections (wavi- at the pressure orifice locations. Residual interference can
be calculated from wall loading or alternate low variables

ness) of the walls produce large disturbances if the flow ye- along control surfaces (interfaces) at or near test section
locity is close to or above sonic. In spite of the fact that boundaries.
the near-sonic regions are not as extensive in the presence Table 6.1 contains typical examples of the above mea-
of a (large) model as they could possibly be in an empty sures obtained from 20 tests on section NACA 0012-64 of
test section, the adaptation is still adversely affected. If su- 4-inch chord in the Transonic Self-streamlining Wind Tun-
personic pockets extend to the wall, the linear adaptation nel (TSWT) in Southampton. The angles of attack veary up
procedure may fail. Also, in supersonic flow the absorption to 6 degrees and the Mach numbers up to 0.8; the flexible
of shock waves would require a large curvature of the wells wells are subcritical (Group 1 flow). The mean moduli of
at the shock position. So far, very little experience has been top and bottom wall loadings are denoted by the symbols
accumulated with wall adaptation in supersonic flows. Or and En respectively. Residual interferences are calcu-

For adaptive test sections utilizing suction or blowing lated from the loadings in terms of:
through ventilated walls, the wall adaptation is possible a) angle of attack error at the wing leading edge,
throughout the range of subsonic, transonic, and supersonic b) induced camber, which is assumed to be the differ-
speeds. The ventilated adaptive walls share, of course, the ence between the flow angles at the leading and trailing
disadvantage of partially open walls. The inhomogeneity edges, and
of the flow nea the wall necessitates the cumbersome me&- c) disturbance to free stream velocity at the wing quarter-
surement of the flow variables on a control surface inside chord, converted to C.
the flow. The E-values, all below 0.01, may be compared with

those in Table 6.2, which refer to the same model and tun-
6.1.3 Concluding remarks nel but straight walls, and range between about 0.02 and

0.3. In some straight-wall cases one of the walls was super-
A more detailed comparison of the performance of critical, but not both, as without streamlining the Mach

adaptive walls and passive walls is possible when the flow number could not be increased any further (explanation of
quality and data accuracy requirements are specified. In missing data in higher Mach number range).
many cases a conventional (slotted or perforated) wall test Table 6.3 shows data taken on the same model under
section may fulfil the requirements. However, in order to conditions where, even with the walls streamlined, both
produce interference free data, a passive wall test section flexible walls are supercritical (Group 2 flow) and the super-
would have to be much larger and, therefore, much costlier critical zones, at some test conditions, extend substantial
to run than an adaptive one. The testing time of adap- distances into the imaginary flowfields. The sample of the
tive wall tunnels can be reduced - by using rational adap- results in Table 6.3 is one of the first ones reported for this
tation procedures - to nearly the testing times of conven- flow regime [6.81; the quality of streamlining is nevertheless
tional tunnels (see Chapter 5). If this is indeed the case, good up to about M = 0.95.
then the adaptive wall tunnel has definite advantages: high A more detailed assessment of wall adaptation can be
flow quality, low drive power, and low residual interferences, based on the spatial distribution of residual interference in
which can easily be assessed, the vicinity of the model. Figure 6.1 refers to a 2D air-

Although the adaptive wall wind tunnel was intended, foil test in the TSWT facility with straight and stream-
originally, for transonic testing, it has found important ap- lined walls, and shows wall-induced velocity perturbations
plications in the low speed range. For testing of automobiles several chords up- and down-stream, evaluated by the two-
in adaptive wall test sections blockage ratios of 30% are ac- variable method, Ref.[6.91. The reduction of wall effects
ceptable whereas in conventional test sections the blockage achieved by streamlining is impressive. In this context the
ratio is limited to about 3%, see Section 3.3.2 and Fig..ll term residual nitererence is certainly appropriate.
of this report for details. Similar reduction of wall interference on half-model

Neither solid walls nor slotted walls are suitable for a tests, achieved by 2D wall adaptation in the T2 and TSWT
complete absorption of shock waves. For the present, there facilities, is shown in Figs.4.22 and 4.25 respectively.

is no simple substitute for the perforated wall test sections "
at supersonic speeds.
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Table. 6.3 Summary of 'streamlined' data; mixed flow in imaginary
flowflelds

ORIGINAL FLEXIBLE WALLS (SEPT. 1984)

Model Reference Model Performance Wall Loadings
NumerMch Nmbl Incidence Mach Number
Number Mach Number (Deg) (M.) CN Cc CM ET Es E.,

1 0.87 4.0 0.8658 0.1159 0.0379 0.0461 0.0083 0.0155 0-0119

2 0.90 4.0 0.8997 0.1761 0.0535 0.0185 0.0155 00117 0.0136

31) 0.90 4.0 0.9062 0.1953 0.0549 0.0052 0.0139 0.0082 0.0110

4 0.92 4.0 0.9257 0.3987 0;0785 -0.1635 0.0161 0.0069 0.0115

501) 0.92 4.0 0.9228 0.3788 0.0759 -0.1420 0.0120 0.0055 0,0087

6 0.94 4.0 0.9434 0.3617 0.0752 -0.1388 00190 0.0172 0.0181

71) 0.94 4.0 0.9417 "0.3815 0.0759 -0.1511 0.0136 0,0123 0,0129

8(1) 0.95 4.0 0.9543 0.3882 0.0777 -0.1640 0.0152 0.0129 00140

9o) 0.96 4.0 0.9638 0.3617 0.0740 -0.1387 00170 0.0170 0.0170

1011) 0.97 4.0 0.9721 0.3828 0.0761 -0.1630 00166 00153 0.0159

Note: (1) The effective aerodynamic contour used in the imaginary flowfield computations includes an allowance for the
variations of V caused by the presence of the model.
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Fig. 6.1 Wall-induced velocity perturbations at tunnel centreline, evalu-
ated by two-variable method for NACA 0012-64 airfoil in the TSWT, M =0.60,
a =4.0*.

6.2.1 Linear flow The one-variable methods use the measured static
pressure distribution at the test section boundary and sup-

The procedures for the evaluation of residual wall in- plement it with the far field representation of the model,
terference in Group 1 flows are essentially the same as estimated from its geometry and measured forces.
those used for assessing the corrections in conventional, The two-variable methods use measurements of static
non-adaptive wind tunnels [6.101. The present review is pressure and normal velocity at the test section boundary,
a shorter version of that given in llf[.1.but do not require any model representation. This is clearly

Depending upon the number of flow viables utilised, of an advantage for adaptive wall test sections, which are
we speak of one- or two-,arialie methods [6.12]; in two often relatively small with respect to the test model, and
dimensions also of Schirams or Cauchpytipe methods 16.13). for the variety of complex flows commonly encountered in
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wind tunnel testing. For test sections with flexible walls
the normal component of velocity is given by the shape
of the wall, adjusted for the bounday-layer displacement
thickness. For ventilated test section wails the flow direc- a) total W
tion can be mesured by the C-lapan Pipes, Laser Doppler
Velocimetry, or other appropriate techniques.

The interface disrontinuity met~odf also described, is
a 'genuine' residual interference assessment technique. It is
specific to adaptive wall wind tunnels, where the computa-
tion results for the fictitious flow in the exterior of the test
section are provided. - -

Since the adaptive walls introduce only minor distur-
bances to the unconfined far field of the test model, the b) model ..4jj,
linearization of the potential equation near the walls is ap-
plicable as long as the flow remains suberitical there.

The governing equation for the disturbance velocity
potential is

P2 ' + ... + 0, (6.3)......-...-..;.:....

where 0 / - MM and M < I is the stream Mach num- /
ber. For simplicity, the disturbance velocity potential 0 is c) walls / " I 6r
normalized by stream velocity. 

OW WW

The scaling of the streamwise coordinate,

a = , (6.4)

reduces Eq.(6.3) to Laplace's equation, V
2
4 = 0.

The linear flow region where 4 satisfies Eq.(6.3) is . .:
shown schematically in Fig.6.2h. It excludes the volume
occupied by the test model, its viscous and transonic flow d) exterior ......
regions, and the wind tunnel exterior, where no real flow ex-
ists. The outer bounding surface, enclosing the test model,
is expece= d to lie entirely within the linear flow region, off
the viscous or nonisentropic flow at the walls.

Using the principle of linear superposition, the distur. Fig. 6.2 Linear regions for Group 1 flows
bance velocity potential is split as 16.14] (from [6.111).

4 = 46. + 0., (6.5)

where #. is that due to the model in free air and 4,. is
that due to wall interference.

The model potential, 0-, satisfies Eq.(6.3) in the in-
finite space outside the model and the adjacent nonlinear From the spatial variations of these corrections over the
flow regions, Fig.6.2b. model additional streamline curvature and buoyancy effects

The wall interference potential, 0,, is assumed to sat- on model force data can be determined.
isfy Eq.(6.3) in the entire test section interior, including The evaluation of the local corrections to model sur-
the model and its nonlinear flow regions, as indicated in face pressure coefficient or Mach number is an approach
Fig.6.2c. more rigorous, but of course less practical from the point of

This assignment of the singular and nonsingular parts view of the interpretation of the wind tunnel data in terms
as the effects of the model and the walls respectively is con- of free flight conditions. Unlike the conventional, passive
sistent with the concept of Green's function for the Laplace walls, the adaptive wails can in principle be adjusted to
operator. Accordingly, it is rigorous for an infinitesimal minimize the wall induced velocity gradients to render the
model, but only approximate for a finite-size model. The test data correctable in terms of the global corrections to
consideration of the coupled nature of interference between stream parameters even in very extreme conditions (large
the walls and the finite-sise model indicates that the wail models with respect to the test section size, high-angle-of-
interference potential may also have singularities inside the attack tests, etc.).
model. In connection with adaptive wall wind tunnels, another

The derivatives of 4',, are interpreted as disturbances type of the disturbance velocity potential is of importance:
to stream velocity components. They are usually evalu- that corresponding to the 'fictitious' flow outside the wind
ated at the model reference station or as averages over the tunnel. The potential, denoted here by the symbol ;, sat-
model and interpreted as global corrections to stream Mach isfies Eq.(6.3) in the exterior of the outer bounding surface,
number [6.151 Fig.6.2d. The surface, separating the real wind tunnel flow

am = (1 + 7 - 1 6. and the computed exterior flow is often termed the inter-
---- M)M -- , (6.6) face. The aim of adaptation is to adjust the walls in such a

and to low angles (in radians) way that 4 and i constitute a single potential 0., contin-
uous at the interface. For an imperfect adaptation, there is

A*, = !t,, and Ao, 6.7) a direct relationship between #, and the difference 4 -4'as ~at the interface.
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One-variable method a smaller cross-section than the conventional ones, so that
the representation of flow near the walls as a model far field

The method, due to Capelier, Chevallier and Bouniol may still be inaccurate.
[6.16], is the most popular technique for post-test assess- Another source of inaccuracy, which is common to all
ment of subsonic wall interference in wind tunnels with residual interference methods based on boundary measure-
pe r rted walls. It retains the essential features of the ments, is the finite length of the test section and sparseness
classical wall interference approach [6.141, but replaces the of the experimental pressure data. The boundary values of
idealized wind tunnel boundary conditions (6.1) and (6.2) u, have to be interpolated or extrapolated over a complete
by the linearized "pressure" boundary condition boundary (closed or infinite), in order to make the Dirichlet

problem soluble. The adaptive test sections, which are typ-
8 -_1 (6.8) ically longer than the conventional ones, will have a slight

2C p '
advantage in this regard.

The method can be used to monitor the reduction of
where C is the measured boundary pressure coefficient, wall interference corrections in the course of adaptation,
The control surface along which the pressure is measured but can also be incorporated into the adaptation algorithm
is required to be some distance away from the walls, where [6.29]. The necessary condition for flow to be interference-
the disturbances from the individual holes (perforations) free (unconfined) is that the boundary values of u. vanish:
are sufficiently smeared out.

The axial component of wall interference velocity, u_, 0 on S. (6.14)

8. , (6.9) Compensation for errors of the reference velocity or
8Z -pressure [6.161, also called the autocorrective property [6.24

or autoconvergence [6.30], is an important feature of thesatisfying inside the test section method. It applies within the limits of linearization and
Ou,. 8zu.. n, may be stated as follows: if the error of the (upstream)

+ + = 0, (6.10) reference velocity U is AU, then the perturbation velocities
0, Omeasured on the boundary will be offset by -AU. Since

is obtained from the corresponding boundary values -6U/U = constant is also a solution of Eq.(6.10), the in-
cremental correction, being of equal magnitude but oppo-

_ 1U . 0 (6.11) site sign to the reference velocity error, restores U as the2t - 8Z reference velocity.

Besides compensating for genuine reference velocity er-
as a solution of the interior Dirihlet problem. The trans- rors, the autocorrective principle also establishes the corre-
verse velocity components, spondence between U based on plenum pressure and actual

stream velocity in ventilated test sections.
, = - - and uo,.= "-' (6.12)

ey o~Z Two-variable method

can be obtained from u. by integrating the irrotational- Measurement of the static pressure and normal velocity
flow conditions distributions along the control surface, which is prerequisite

ev. &U. ,for wall adaptation, opens the possibility of evaluating sub-
and (6.13) sonic wall interference without model representation. Inci-

at dentally, this feature also allows to account for the presence
along a path from the upstream end of the test section. of the strut/support system, but only as far as the indirect,

The Dirichlet problem for Laplace's equation is one of wall induced effect on the model is concerned. The direct
the best explored problems in mathematical physics and strut/support effect on the model cannot be extracted from
there are a large number of methods available to solve it the far field measurements only.
numerically. A natural approach is to solve the problem The two-variaLle method is most easily applied to solid
in terms of the double layer potential [6.171, leading to wall test sections where the walls or, more accurately, their
a doublet panel method [6.18]. For simpler geometries, boundary-layer displaced stream surfaces can serve as con-
closed form solutions are obtainable using integral trans- trol surfaces. The first successful evaluation of the 2-D
forms [6.16] or the Fourier method [6.19]-[6.21[. interference flow field from two flow variables measured at

The complex-variable treatment [6.16] of the 2D prob- the control surface was reported by Lo [6.31]. Both numer-
lem leads, as pointed out in Ref.[6.13[, to the Sclwarz prob- ical demonstration and experimental verification are given
lem, consisting of determining an analytic function inside a in the same paper. The method uses the Fourier transform
domain from its defined real part on the boundary. Theory solution [6.32] for linearised subsonic flow past a nonlifting
[6.22] shows that the integration of Cauchy-Riemann equa- airfoil. A more straightforward Cauchy's integral approach
tions (irrotational-flow conditions) introduces an unknown to the two-variable method was subsequently described by
imaginary constant that needs to be specified in order to Kraft and Dahm [6.33], Smith [6.13], and Amecke [6.34].
make the solution unique (specification of the upstream flow An extension to 3-D flows, based on Green's theorem, is
anle). due to Ashill and Weeks [6.9].

The accuracy of the one-variable method depends To describe the method, we introduce the position vec-
greatly on the accuracy with which the free air potential tors of an interior point and a boundary point,
4. can be predicted on the control surfaces [6.23[,[6.24.
Details of a transonic model representation for 2D tests are ro = (zr,pe, zs) and r= (z', y, z). (6.15)
described in Refs.[6.26]-6.28]. Since the far field of 0,- is
normally evaluated using the measured model data subject Further, denote by
to wall interference, the prediction tends to be more exact
near a fully adapted stage. However, when compared to the 1 (6.16)
sise of the modal, the adaptive wind tunnels have typically G(r,, r) 4wir, - rl
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the fundamental solution (unit-strength source), satisfying 6 61() z.

V2(rsr) = 6(rs - r), (6.17) The corresponding increment 60,., of the wall interference

where 6 is the 3D Dirac delta function. potential is obtained by substitution 60' -- #' in Eq.(6.18).

Green's second identity gives for a function 4,, bar- Transforming the surface integral into the volume integral

monic in the test section interior by Green's second identity, using Eq.(6.17) and the fact
that 60 satisfies Laplace's equation in the entire test section

) 1.) OG(ror) - ,(r) volume V, it follows

and for a function 4', harmonic in the test section exterior r Jfv dV
If .. . G(ro, r) 84,,r 6 4'(rs),

0 = [4', , r) - G(rs,r) , ]dS. 0r)
o s -O which was to be proved.

The differential and integral operations are taken with re- Taking in Eq.(6.18) the limit as ro becomes a point of

spect to the unsubscripted coordinates; S is the control Sur- a smooth surface element, we obtain

face (interface) enclosing the test section interior, and O/On
is the derivative along the outward normal with respect to *,.(rs) O-'(rs)
the test section interior. As indicated in Fig.6.2, 4', and 2
4'. are identified as the velocity disturbance potentials due + f O(r) s G(r,r)- d, ro E S.
to the model and walls respectively. a O.

Adding the above formulae and eliminating 4'- from (6.20)
Eq.(6.5), we obtain the correction formula of Ashill and The integral is to be interpreted as a principal value in the
Weeks 16.9]: sense that a small circular neighbourhood of the (singular)

point ro is removed from the surface S for the doublet in-
[O r) OG(rer _ CI ,r)'(r)JdS. (618) tegral; its contribution has already been accounted for by

4',,(re) J- wrAs - rsrd. On the isolated term 10(rs). There is no ambiguity concerning
the source integral, as the contribution of a small circular

It expresses the interior value of the wall interference po- element around the point re is zero.
tential in terms of the boundary values of the (total) dis-
turbance velocity potential.

Physically, integral (6.18) can be interpreted as a sur- The 3D single-step convergence formula t6.36] is ob-

face distribution of doublets tined by substituting of Eq.(6.20) in Eq.(6.5):

G(ro,r) with the density O'(r) 0',(re) 0-'(ro)

and a surface distribution of sources -fo[(r)-OGrr) _G(ro,r)- ) J dS, roE S.

G(r(,r) with the density 80(r) (6.21)
an This formula determines the boundary value of the free

The normal component of disturbance velocity DO/N sir potential, 4$-, from the measured boundary values of

can be measured directly. The potential 4', on the other 0 and 80/8n. Provided that the differences between the

hend, is evaluated by the streamwise integration of the mca- boundary values of 4' and 4'- are small, it may be possible

sured pressure coefficient, Eq.(6.8). to achieve 0 = 0-, in a single adjustment of the walls.

As indicated in Ref.[6.351, for a cylindrical test section Alternative formulations of the correction method

(walls parallel to the z-axis), an integration by parts in based on Green's theorem are given in Rcfs.[6.37 and

Eq.(6.18) converts the surface distribution of doublets into [6.38], comparisons and accuracy aspects are discussed in

a surface distribution of horseshoe vortices Ref.] 6.39). Model representation, as shown above, is no
longer required, but the sparseness of boundary data and

Wro , --r) - G(rsr)dS, (619) incomplete test section boundary remain as a major source
a n of inaccuracy.

The specification of interference-fee conditions in the
with the density two-variable method is straightforward. Setting 4',. = 0 in

80(r) q.(6.20) or 0-, = 4' in Eq.(6.21), we obtain

that can be measured directly. The isolated integration 1b(r)..Jjr#(r) r(r O r) d ,
terms vanish by the virtue of On &

re E S.
fl(ro,r) - 0 as z' -. oo (6.22)

which interrelates the values of 4' and 00'/&n on the bound-

and assuming ing surface of an adapted test section.

The 2D versions of the above formulae are obtained by
4(r) -, 0 as z' - -00- substituting

The autocorrectie property applies [6.24) and is easy to n=(w,), r--(a',y), G(rIrr) nir-l,
verify. Denoting once again by 6U the error of the reference r =w
velocity, the boundary values of the disturbance velocity
potential 0 will be subject to the (systematic) error and replacing the surface integrals by contour integrals.
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More readily applicable results are obtained using q
Cauchy's integral formula but, of course, both Green and I
Cauchy formulations are equivalent. To illustrate the latter
approach, we introduce the complex coordinate 241h

z = Z' +iY = z +iy (6.23) . •

and the complex disturbance velocity 40.0 -20.0 0.0 20.0 40.0
a¢ x¢ (in)w(z) = #-(z, y) -iv(x,yV) = P (c, y) -i LO(z,y). (6.24) x (n

In accordance with Eq.(6.S), the complex disturbance ve-
locity is decomposed as

u(z) = ,.(z) + w.(z), (6.25)

where w. is analytic in the test section interior and w-, is
analytic in the test section exterior. Applying the Cauchy 4 - 0.0 0.0 2,0 40.0
integral formula to a counterclockwise oriented contour C, -40.0 -200 0.0 200 400
we obtain for an interior point zo x (in)

W.(Zo) = 1 ( u(a,( d
2sJ z - ze

and i 7= .................
JCz-rS

Adding the integrals and eliminating to from Eq.(6.25), Fig. 6.3 Wall pressure coefficients and de-
we obtain the correction formuls of Smith (6.131: flections; 9-in chord CAST 10 airfoil in the 13-in x

13-in test section of NASA TCT, M = 0.70, a 1.201,

W.(ZO) = d dr, (6.26) CN = 0.50, Re, = 30 x 106.
Jzr C - z

o

expressing the wall interference velocity in terms of bound-
ary values of the (total) disturbance velocity.

Using Eq.(6.24), the components of the wall interfer.-
ence velocity are obtained as:

u,.(ro,yjs) = 1R{to.(rs)}, (6.27) - - -- -u.(o,yos) = -Im{w.(zo)}. -

An example of wall pressures and deflections from the
tests (5.401 of the %-in bord CAST II-D2/DOA 2 airflo. 40.0 -20.0 0.0 26.0 400
in the 13-in by 13-in flexible-wall test section of the of x (in)
the Langley Transonic Cryogenic Wind Tunnel (TCT) is
shown in Fig.6.3. The wall pressure distribution at the 0.-

stream Mach number of 0.700 in well below the critical value
(Cp" = -0.779). The downstream end of the integration
contour was placed so as to eliminate the three most down- - .-.. M = 0.695
stream pressure points which, because of diffuser influence, M R - M = 0.700
diverge from the undisturbed flow level. The distribution
of residual corrections along the wind tunnel axis, evalu- e
ated by hP two-variable method, is shown by solid lines in , ,
Fig.6.4. The flow in the test section is not interference free, -40 0 -20.0 0 0 20.0 40.0
but considering the sise of the model with respect to the x (in)
test section, the corrections are certainly small.

The broken lines in Fig.6.4 are the corrections corre-
sponding to the stream Mach number arbitrarily decreased
from 0.700 to 0.695. The input pressure coefficients in
Fig.6.3 were adjusted accordingly. We note that the re-
sultant Mach number correction curve, corresponding to
M = 0.695 is displaced approximately by 0.005 in the posi-
tive direction, confirming the validity of the autocorrective
principle. The angle of attack correction, as expected, is Fig. 6.4 Residual corrections along test sec-
not greatly affected by the change of the reference Mach tion axis, evaluated by two-variable method from
number, data of Fig.6.s.
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The two-variable correction method is also applica- Setting w. = 0 in Eq.(6.31) or w- = w in Eq.(6.32),
ble to test data from adaptive test sections with venti- we obtain the interference-free condition
lated walls, provided that the two components of veloc- 1 1
ity on a control surface are known. For example, in the -tu(ze) = -- , e E C (6.33)
NASA/Ames Research Center 2 x 2 ft wind tunnel a fast- 2 2

scanning laser velocimeter is used to measure two compo-
nents of flow velocity along a rectangular contour surround- in terms of the complex disturbance velocity on the bound-
ing the model. Wall adjustments are determined from an in- ary. The factor . was left uncancelled, to emphasize the
fluence matrix that describes the effect of pressure changes connection with the 3D condition, Eq.(6.22).
in plenum compartments on the velocities along the con- Considering straight line boundaries at y = ± , we
tour. obtain in terms of disturbance velocity components

Again, thc wall adaptation procedure was found to re-duce w al interference significantly, but not below the levels h(O, ) =T I__ /, (6.34a-)

that could be ignored 16.411. Data for the test case of a ir 2 - ZO
NACA 0012 airfoil at M = 0.7, a = 2* are presented in
Figs.6.5-6.7. Figure 6.5 compares the measured and theo- 2 h U ro U(2,1dz.4b)
retical streamwise velocity distributions along the control - 7r Z -Z
contour 1.5 chords above and below the tunnel centerline, These 'compressible-flow' versions of Hilbert's transforms,
before and after the walls were adjusted. The wall adjust- introduced by Sears [6.5] as functional relationships be-
ments dramatically reduce differences between theory and tween two velocity components, define unconfined flow in a
experiment. Figure 6.6 is a similar comparison of normal 2D test section. We may note that in this particular case
velocities. The residual corrections along the tunnel cen- the upper and lower boundary values are independent of
terline, evaluated using a linear two-variable method, arc one another (decoupling of infinite exterior regions). It is
shown in Fig.6.7. Although the wall adjustment essentially also important to remember that Eqs.(6.34) constitute a
eliminated blockage interference, the residual angle of at- transform pair, so that the enforcement of either one en-
tack correction remained large. sures interference-free flow.

More detailed two-variable correction formulae for 2D
testing, together with evaluated residual interferences for
the adaptive wall facilities T2 of ONERA/CERT and TU Interface discontinuity method
Berlin can be found in Ref.[6.34. This residual interference method, utilizing computa-

tions of the fictitious flow in the test section exterior, is a
The Cauchy-type integral (6.26) can be written as version of the two-variable method,

:](z) ) The general idea, as proposed by Sears and Erickson
s.(zo) = [ (z) - +) 2ro da, (6.28) [6.421 is essentially this: the flow field is considered to con-

ic 12sr(zo - z) 2sist of an experimental inner region joined at an interface

where ds = Jdzl is the counterclockwise oriented contour to a computed outer region. If the computed outer flow
length element. In this form it represents a line distribution satisfies the unconfined flow conditions and matches along
of vortices with the density the interface the inner flow, then the combined flow field is

continuous, representing unconfined flow around the model.

Y(Z) = Refw(r)
d z  

= qt(z) (6.29) The matching error, or discontinuity, provides a measure of
dzIlJ the residual interference. It can be quantified by removing

the discontinuity by a surface distribution of singularities.
and a line distribution of sources with the density These singularities do not influence the far field in the outer

) &( region, but do introduce velocity perturbations at the po-
ff(c) = -Im z)~~ = -q,(c), (6.30) sition of the test model, which then can be interpreted as

the usual wall interference corrections.

where qt is the tangential component of disturbance velocity As for the two-component method, Green's theorem
(positive in the counterclockwise direction) and q. is the will give us a guidance to the appropriate singularities and
normal component of disturbance velocity (positive in the their densities.
direction of the outward normal). Considering the disturbance velocity potential of the

Correction formula (6.26) is closely related to wall fictitious flow in the exterior region, satisfying the far field
adaptation criteria for 2D testing. In the limiting process boundary condition
as so becomes a point on a smooth segment of the contour
C, we obtain V,(r) - 0 as Irl - oo,

W,.(ZO) = 1W(0) 1ficdz, I E c, (6.31) then for an interior point ro it follows
2 ZO + 2icr- , sZ

where the (singular) integral is to be interpreted as 0 [(rsr) JdS.
Cauchy's principal value. S

Substituting Eq.(6.31) in (6.25), we find the 2D single- Subtracting it from Eq.(6.18), we obtain the interior value
step convergence formula of the wall interference potential in terms of the differences

of the interior and exterior flow potentials and their normal
W.(e)= W(Z0) - 17 z d., -o E C, (6.32) derivatives along the interface:

which determines the boundary value w, of the complex 0.(rs) [.OG(rr)

disturbance velocity due to the model in free air, in terms - (6.35)
of the measured values wThe special case of straight line [8 r) @!r]G(ro,r) dS.
boundaries can be found in Refs.16.321 and [6.33]. & &
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Fig. 6.5 Measured and theoretical streamwise velocity distributions,
NACA 0012 airfoil in the NASA/ARC 2 x 2 ft wind tunnel, M =0.70, a =20,

Re0  2 x 100 (from [6.411).
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Physically, integral (6.35) can be interpreted as a sur- Subtracting it from Eq.(6.26), we obtain

face distribution of doublets

OG(ro,r) with the density [O(r)- (r)] w,(zs) f (z)-- (z)dz. (6.41)@ - wihth2esiyii J¢ z - zo

On
If the normal component of disturbance velocity is con-

and a surface distribution of sources tinuous across the interface,

G(ror) with the density O n) ___ ,,(z) = qn(z), z E C, (6.42)

The potential ; is obtained by solving an exterior flow then from Eqs.(6.29)-(6.30)

problem (CFD), but 0. is obtained by a simple surface inte-
gration, as in the two-variable method. The autocorrective W.(zs) = [(q,(z) - j,(z)] ds. (6.43)
property again applies 27r(zo - z)

The exterior flow can be calculated as a solution of a The wall interference velocity is represented by a contour
Neumann problem, satisfying the boundary condition distribution vortices, whose density is equal to the discon-

tinuity of the tangential component of velocity.

= r , S, (6.36) Conversely, if the tangential component of disturbance
&n &n velocity is continuous,

where 490(r)/8nn is the normal component of disturbance
velocity on the interfac.. For the solid wall boundary, it qt(z) = q,(z), z E C, (6.44)

is equal and opposite to the normal component of the free
stream velocity. Integral (6.35) then reduces to the distri- then

bution of doublets, *(o) [(q.( ) - j,(,)] I- d . (6.45)
0,rs) = [,(r) - - BG(r 'r dS. (6.37) 21r(zs - )

The wall interference velocity is represented by a contour

For a cylindrical interface, the integration by parts in distribution of sources, whose density is equal and opposite

the streamwise direction yields to the discontinuity of the normal component of velocity.
As indicated earlier, schemes for calculating residual

0.,(r) -- [ f Cf ( - iC(r)]ln(rr)dS, (6.38) interferences and strategies of wall adaptation are closely
JJS interrelated. This can be illustrated [6.451 on the Judd

streamlining algorithm [6.46).
where the term in square brackets is the discontinuity of This iterative procedure utilizes calculations of the fic-
the pressure coefficient across the boundary and fl is the titious external flow matching the normal velocity,
vortex singularity, Eq.(6.19). Equation (6.38) shows that
in this case wall interference is defined by the loading of the
wall# [6.43). Vi : V),

Alternatively, the exterior flow can be calculated as along the interface y = ± , which approximates the upper
a solution of a Dirichlet problem, satisfying the boundary and lower walls of a 2D test section. Index j indicates
condition the iteration (wall adjustment) step. In order to introduce

O(r) = Oi(r), r E S, (6.39) sufficient damping into the scheme, the aim of the wall slope

so that integral (6.35) reduces to the distribution of sources, adjustment v,+, - v, is to provide the next computed value
of the streamwise component, ,+ 1 , equal to the average of

the measured value, u., and the computed value, i,:

This approach has recently been described in Ref.[6.441.
Finally, if the walls are adjusted to satisfy the condi- This condition is equivalent to

tioas (6.36) and (6.39) simultaneously (a perfect match), I
then from Eq.(0.35) i,;,* ii, 2 (u ,). (6.46)

0 _ 0, The slope adjustment can be obtained explicitly, using the

indicating that the flow inside the test section is interference unconfined flow conditions for tL." velocity pair ii, and v,.
free. The conditions of flow tangency and equal pressures From Eq.(6.34b)
along the interface imply that the desired interface is a
stream tube. This streamlining principle for an adaptive V(s ± ) f ± t f (6.47)
wall test ection, introduced by Goodyer [6.61, is of course 2 V Z Zs
quite general and not just restricted to linear subsonic flow.

The Cauchy integral approach, applicable to 2D flow, Applying Eq.(6.47) to the difference v, , v and substi-
proceeds along similar lines. Considering the complex dis- tuting urom Eq.(6.46), Judd's wall adaptation formula is
turbance velocity s of the fictitious low, analytic in the readily obtained:
exterior region and vanishing at infinity, then for an inte-

rior point z, it follows V,+1(2o, - h

1w Jt Z) = ± I. _ __- __= d.. '- dz.
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The integral is interpreted as the Cauchy principal value, have been mentioned briefly in Section 3.3.1 and will be
Consistency of Eq.(6.48) is easily verified: if discussed in Section 6.2.3.

Historically, Kemp [6.49], [6.50] generated much of the

il(z, ± h = z ± h (649) impetus for the development of WIAC procedures for treat-
- 2, ing nonlinear residual wall interference by use of measured

wall or interface pressures. Kemp applied a nonlinear tran-
then the integrand is zero, and sonic CFD approach and discussed the idea of test sec-

h It tions with interference that is correctable just by changes
)= , in Mach number, M, and angle of attack, a. Murman

[6.51] also contributed by developing Kemp's ideas further.
indicating that the iterative process has terminated. Sub- These two-variable procedures were developed specifically
stituting Eq.(6.49) in (6.47), we obtain the unconfined flow for 2D applications. Discussion of the subsequent develop.
condition for the measured disturbance velocity compo- ment of the fundamental ideas of 16.49]-[6.51] is presented
nents ui and v3, implying that the tunnel flow in the j-th below in the section on two-variable methods. Nonlinear
iteration is interference free. For linear subsonic flow at transonic one-variable methods were developed initially by
the interface, an acceptable accuracy of wall adaptation is Stahara and Spreiter [6.52], 16.531 and by Hinson and Bur-
usually reached in 2-3 iterative steps. dges [6.54]. The basic ideas of these approaches also have

been developed extensively, principally for 3D applications,
and are discussed next. Finally, Smith [6.28] has developed

6.2.2 Nonlinear flow an approximate transonic representation in order to extend
a linear 21) one-variable method so that it yields resuts that

Discussion of the procedures for the evaluation of non- copar a one-variable method
linear residual wall interferemce will follow a basic outline are comparable to those from a linear two-variable method.

similar to that of the previous section with one-variable and One-variable method
two-variable methods discussed in turn. The emphasis will
be on use of measured interface data of the type routinely The basic data required are the same in the nonlinear
obtained in adaptive-wall tunnels. These procedures have regime as in the linear; i.e., the pressure distribution mea-
become known as wall-interference assessment and corree- sured at the interface and a representation of the test arti-eom knownA aethds. onli neaterferess ce as and correc- cle. However, the lack of superposition prohibits breakup

tso~ (WAC)metods Nolinar wll-nteferncecorec- into a flow field due to the model in free ir and the flow
tion procedures which model the flow through the walls of field due to al l in Is e a nf the en-
ventilated test sections are an important aspect of pretest field wit t modl in teun a s erate
prediction of interference. However, these approaches will tire flow fi d with the model in the tunaer and separate
not be described here in detail because they are considered
to be beyond the scope of the present report. Further- interpreted properly. There are several ways that interpre-
more, there will not be any discussion of asymptotic ana- tation can be accomplished and these will be brought out
lyses of wall interference since these generally use idealized- in the ensuing discussion. This method can be regarded as
wall bounoary conditions and not measured data. the nonlinear equivalent of that discussed in Section 6.2.1.

The particular nonlinearities treated will be those aria- One of the first applications of nonlinear assessment of
ing from transonic flow effects as the free-stream Mach wall interference was carried out by Stahare and Spreitc:
number approaches unity with significant regions of super- [6.52], [6.53] for various axisymmetric bodies of revolution
critical flow extending to and beyond the test-section in- in the free-stream Mach number range from 0.975 to 1.10.
terface or walls (Group 2 flows). Although nonlinearities Numerical solutions of the transonic small-disturbance
due to powered lift with large flow deflections may occur equation (TSDE) were obtained at the test M in the tunnel
at subsonic, suberitical test conditions, there has been lit- and in free air. Differences between the tunnel and free-air
tie emphasis on this regime in adaptive-wall development, solutions were attributed to wall-interference effects and
with the exception of the University of Arizona Adaptable- differences between the tunnel solution and the experimen-
Wall Wind Tunnel, as described in Chapters 2, 3 and the tal model data were attributed to the effects of viscosity
Appendix. Residual wall-interference corrections in this and vorticity that are not represented in the TSDE.
regime will not be considered here. Wall interference for Another application was part of a larger investigation
high lift was the subject of an AGARD FDP Symposium by Hinson and Burdges [6.54] into the accuracy of a vari-
in 1980 and the papers given there [6.471 summarize work to ety of CFD methods for semispan wing and wing/fuselage
that date. More recently, NASA has published a selected, models with three different swept-wing planforms. As part
annotated bibliography of wall interference in V/STOL and of the experimental program, static pressure was measured
high-lift testing [6.48]. near the perforated walls of the Lockheed CFWT test fa-

There have been several investigations in which wall or cility, by means of six rails. The specific wall-interference
interface pressures have been measured to provide a corn- contribution in [6.54] was a set of computations of the wing-
plete set of boundary-condition data for validation of corn- alone flow using the rail pressure measurements as bound-
putational fluid dynamics (CFD) codes. These studies will ary conditions. An extended form of the TSDE was solved
not be discussed here except in specific instances where the numerically. With the wing a adjusted in the calculation
computed results have contributed directly to the develop- method to match the experimentally-measured lift in the
ment of residual-interference correction procedures, free-air calculation, both free-air and tunnel solutions were

A significant source of wall interference in all test sec- obtained. The results displayed a shift in shock-wave loca-
tions, not just those with adaptive walls, is the presence tion between tunnel and free air. The free-stream M then
of sidewalls when test artides are mounted on them. This was adjusted, in a free-air solution at the same a, to match
will be the case for a 2D model spanning a 2D test section the pressure distribution that was calculated on the wing
and for a 3D semispan model mounted on an imperme- surface in the tunnel solution. At a test M of 0.820, a AM
able sidewall. In supereritical flows and high-lift flows, the correction of -0.005 was found to provide a good match for
interaction of the sidewall boundary layers with the flow all three wing-alone planforms at their design conditions. It
about a 2D test article can cause serious contamination of should be emphaaisd that no use of measured wing pres-
the two-dimeasionality of the flow field. These phenomena sure was made in the procedure. The comparisons and



78

matching were accomplished with calculated wing pressure tributions, if they are available, and are integrated to give
distributions only. corrections to the lift and pitching moment. The neglected

Risk and Murman [6.55], [6.56] have developed a gen- effects of viscosity and vorticity in the tunnel and equiv-

eral 3D code, called TUNCOR, along similar lines. The alent free-sir solutions are probably represented better in

TSDE are solved numerically and it is assumed that the the global correction procedure by matching the calculated

lift and pitching moment have been measured in the test pressure distributions. However, the local correction pro-

along with the static pressure distribution on an interface cedure gives a better representation of the significant gra-

at or within the tunnel walls. The interface can be of rect- dients in interference which exist over typical 3D aircraft
angular [6.55) or circular [6.561 cross section. The basic configurations and also provide corrections at the actualaUlar [6.55]mor crcular o6] oss stn.Frt, the flow test conditions. The local correction procedure has been
TUNCOR scheme consists of two steps. pirt the developed further at AEDC by replacing the TSDE flow
about the model in the tunnel is computed by using the solver, first with an Euler solver, and second with a solver
measured interface pressures as boundary conditions. In so t-
this step, the wing and tail angles of attack are determined for t e eruappoi o th e l r d
separately within the iterative CFD solution procedure to Navier-Stokes equations (TNS).
match the measured lift and pitching moment. Second, the Results [6.62] for several examples using both TUN-
flow about the model in free sir is computed. In this step, COR and the AEDC code indicated that the global correc-
M and the wing and tail angles of attack are determined tions predicted by the two codes are very similar with no
within the iterative solution method such that the model lift obvious superiority. Moreover, local corrections were found
and pitching moment continue to match the experimental to he of comparable accuracy to the global ones. Therefore,
values, while simultaneously the difference in local Mach the majority of the results in [6.62] are local corrections
number on the model between the computed tunnel and based on the AEDC code. It was found that when the flow
free-sir solutions is minimized, over the AEDC wall-interference wing/fuselage/tail model,

TUNCOR has been used by Newman, Kemp and Car- see Figs.2 and 3 of the AEDC response in the Appendix,
riz [6.57] to correct M and a at two test points for a is subcritical, or mildly supereritical (M !< 0.80), the local
swept semispan wing tested [6.58] in the NASA/Ames Re- corrections are reasonably satisfactory. This is shown in
search Center High Reynolds Number Channel I at Mach Fig.6.8, for four mildly supercritical cases at M = 0.80.
numbers between 0.80 and 0.85. Free-sir CFD compu- These cases are representative of eight examples tested
tations were made using a code [6.59], [6.60] incorporat- prior to adaptation in the adaptive-wall test section of the
ing the thin-layer approximation to the Reynolds-averaged AFDC Aerodynamic Wind Tunnel (IT), see Chapters 2,
Navier-Stokes equations. Results from this code, which in- 3 and the Appendix. The uniform porosity in IT was 2%
cludes the reflection-plane boundary layer as an option, and 5% in the cases in Fig. 6.8. The corrected lift co-
tend to verify the M, a corrections generated by TUN- efficients are compared to interference-free results for the
COR. Corrections for data obtained in the National Tran- same model tested in AEDC Aerodynamic Wind Tunnel
sonic Facility (NTF) at NASA/LaRC for the Pathfinder (4T) at the same conditions. However, when the flow is
I transport-like configuration also were evaluated in [6.57] strongly supercritical, (M > 0.90), neither local nor global
and [6.61]. Sickles and Erickson [6.62] also have investi- corrections from the AEDC and TUNCOR codes are ad-
gated TUNCOR with an extensive data base obtained for equate, see Fig.6.9 which is representative of thirteen ex-
a wing/fuselage/tail model. These results will be discussed amples tested prior to adaptation. Replacing the TSDE
in the next paragaphs. First, though, it should be noted flow solver with the Euler solver in two selected examples
that the principles and techniques of TUNCOR have been at M = 0.90 did not improve the results significantly [6.621;
used iu new codes developed by Risk, et al. [6.63], [6.64] i.e., the corrections are still of the incorrect sign. The source
with the TSDE flow solver replaced by an Euler solver, of the error appeared to arise from deficiencies of the invis-
There have not been any published applications of these id approximation. Viscous effects, particularly the shock-
new codes to experimental data, although examples with wave/boundary-layer interaction, were not modeled so that
numerical simulations are presented in [6.63], [6.64]. the shock waves were in the wrong location and did not have

TUNCOR was compared in [6.62] with experimental the correct strength.
data and with results of a 3D code developed at AEDC. The Calculations for the same two selected examples with
AEDC code considers an interface of circular cross section viscous effects included by means of the TNS solver were
an ,ves a different form of the TSDE numerically. There very encouraging compared with the Euler results. One
are provisions for calculating global corrections. However, of these examples is the 7% porosity case of Fig.6.9 at
neither lift nor pitching moment is constrained so that be- a = 4*. The TNS lift correction was practically sero which
sides corrections to M and a there are residual corrections is consistent with the measured data in Fig.6.9. The sec-
to the lift and pitching moment. The procedure first oh- ond example is an early step in an AEDC adaptive-wall
tains a tunnel solution with the measured interface pres- iteration (see Section 3.2.2 of this report) for M = 0.90,
sure distribution specified, but with the test a prescribed a 4" with a uniform porosity of 3%. The 4T, IT and
a well. The free-air solution allows U and a to vary so that corrected IT lift data are shown in Fig. 6.10 and the erro-
the dimesional static pressure distributions on the model, neous sign of the lift correction has been reversed. Further-
as calculated in the tunnel and in free air, are matched as more, the TNS solver results for both examples, using the
closely as possible in a least-squares sense. The assumption one-variable method, agree very well with corresponding
is made that the stagnation pressure is the same in both TNS solver results using a pretest prediction procedure de-
the tunnel and equivalent free-air solutions. An alterna. veloped at AEDC by Jacocks and reported by Kraft, et al.
tive correction procedure in the AEDC code is to perform [6.12]. The AEDC pretest prediction procedure is used in
;-a corrections to the low on the model at the test M the same sense as the AEDC one-variable procedure. That
and a. In this alternative, the free-sir solution is obtained is, the local corrections are evaluated as the differences be-
at the test M and a. Then the difrenes in the calcu- twen free-air and tunnel computations at the test M and
iated Pressure distributions on the model between the tun- a. In fact, the free-air computation is identical to that in
d and free-sir solutions are evaluated. The difference can the one-variable method. The pretest tunnel computation

be applied as correctons to measured model pressure dis- does not use measured data, of course, but instead Jacocha
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Fig. 6.8 Comparison of Tunnel 4T lift coefficients with Tunnel IT liftcoefficients uncorrected and corrected using the AEBC one-variable-method
code, M = 0.80 (adapted from [6.621).
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Fig. 6.9 Comparison of Tunnel 4T lift coefficients with Tunnel IT lift
coefficients uncorrected and corrected using the AEDC and TUNCOR one-
variable-method codes, M = 0.90 (adapted from 16.62]).
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M = 0.90, Re = 0.9 x 10 based on wing chord.
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models the wall cross-flow characteristics semi-empirically Two-variable method

by means of a local representation of the transpired tur-
bulent boundary-layer flow on the perforated walls. The Two-variable methods offer a significant advantage

boundary-layer computation is coupled to and calculated over the one-variable methods in linear flow because ex-

simultaneously with the CFD solution for the flow over the plicit test article representation i3 no longer necessary, as

test article (see [6.121 for more detail). described in Section 6.2.1. In nonlinear flow, there also is
promise of a corresponding advantage; however, the lack

The TNS pretest-prediction method has been applied of linear superposition renders the problem more compli-
subsequently to a wing/fuselage/tail configuration which cated. There are two fundamentally different approaches
has a general geometrical likeness to the model discussed to the use of two measured variables in nonlinear wall-
above. This configuration was tested in AEDC Aerody- interference procedures. The first approach assumes that
namic Wind Tunnels (4T and 16T) [6.651. The 16T, 4T static pressure distributions are measured at the interface
and corrected 4T drag data at a Mac number of 0.95 are and on the model surface. It would not seem to qualify as
shown in Fig.6.11 and are very encouraging. At the 40% a two-variable method, however Schairer [6.66) has shown
and 60% wing semispan locations, the predicted and mea- that the use of a single variable along a double boundary
sured chordwise pressure distributions are in good agree- is equivalent to that of two variables along a single bound-
ment. However, the most remarkable results are at the 90% ary, in the sense that the far field perturbations due to the
wing semispan location for a = V. The detailed differences model in free air need not be estimated. The adaptive-wall
between the flows in 4T and 16T are shown in Fig.6.12. implications of this are discussed in Section 3.2.3. With the
At this wing station there are significant differences in the interface and model pressure data at hand, nonlinear wall
flow separation characteristics between 4T and 16T; these interference can be assessed by matching the pressure dis-
differences are predicted by the pretest procedure with suf- tribution measured on the model with that computed for an
ficient fidelity to achieve satisfactory corrections. Clearly, effective model in free air. This has been termed the match-
additional solutions must be obtained for these and other ing method by Smith (6.13) and has been used by Kemp
model configurations and compared with data; efforts are [6.49], [6.501, Murman [6.511, and in subsequent develop-
underway to do this. Finally, further investigation is re- ments at NASA/LaRC [6.571, [6.61], [6.671-[6.71]. Since
quired to examine more thoroughly the relative advantages
of the global and local corrections.
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Fig. 6.11 Comparison of Tunnel 16T drag coefficients with Tunnel 4T
drag coefficients uncorrected and corrected locally using the AEDC pretest-
prediction, thin-layer Navler-Stokes code, wing/fuselage/tall model from [6.65],
M = 0.95, Re = 3.0 x 10' based on wing chord.
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Fig. 6.12 Model pressure coefficients measured and calculated using the
AEDC pretest-prediction, thin-layer Navier-Stokes code, wing/fuselage/tail
model from [6.651, M = 0.95, a = 40, Re = 3.0 x 10 based on wing chord, 90-
percent wing semispan.

airfoil tests generally include measurements of the model 2D nonlinear flow. Kemp, et al. continued the development
pressure data, this is a very useful approach in 2D. In 3D, with 2D codes known as TWINTAN [6.671 and TWINTN4
however, model pre,5re data generally are not available, [6.68]-[6.701, which differ in that the former considers top
so there has been no development of this approach for non- and bottom wall interference only, while the latter considers
linear 3D flow. The second approach assumes that the two sidewall-boundary-layer effects as well. The latest versio
variables are measured at the interface, without any pres- is TWNTN4A [6.711, which extends TWINTN4 to include
sure measurements on the model surface, so is attractive flexible top and bottom adaptive walls. The procedures
for 3D flow. This approach corresponds to that discussed consist of three numerical solutions of the TSDE. The first
in Section 6.2.1. The use of two variables at the interface is the calculation of the flow around the airfoil in the tunnel
has been investigated in 3D at AEDC [6.12], [6.621,16.721. at the test M using the measured pressure distributions on

the airfoil and interface as boundary conditions. The effec-
In both approaches, the effective shape of the test ar- tive shape of the airfoil is one result of this calcilation. The

tide must be determined explicitly. The effective shape is second calculation is the free-air flow around the effective
the original geometric shape plus modifications to account shape, and is found by adjusting M and a in the itera-
for viscous, vortical and other physical effects that are miss- tive solution procedure ii) order to match the experimental
ing from the equations of motion represented by the CFD lift simultaneously with minimization of the least-squares
flow solver, but are present in the measured data. In linear difference between the airfoil surface velocity distributions
flow, an effective shape is considered implicitly, but never calculated in the tunnel and in free air. The M and a de-
requires actual computation because the results are inde- termined from this solution define the free-air conditions
pendent of its explicit representation. The independence to which the tunnel test most closely corresponds. The
exists as long as the viscous effects in the flow over the residual least-squares difference is a measure of the cor-
model remain approximately the same between the tunnel rectability of the data. This completes calculation of the
and free-air solutions, so that the effective shape remains corrected conditions. However, a third calculation is made
the same. to estimate the velocity field induced by the walls. This

The early work of Kemp [6.49], [6.60] and Murman calculation also is a fiee-air flow at the corrected M, with
[6.51] established the basic ideas of the matching method in the properly-scaled differences in the pressure and normal
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velocity across the airfoil specified from the first solution. imate procedure was developed for 3D flows [6.62] as an
The scaled differences of the stresmwise and normal ve- extension of the AEDC one-variable method of local cor-
locity components along the airfoil centerline between the rections using solutions of the TSDE. The method begins
third and the first solutions are interpreted as being due to with the model geometric shape prescribed along with the
wall interference. measured interface pressure just as in the one-variable pro-

The sidewall-boundary-layer interference is calculated cedure. Then the geometric shapes of the wing and tail
in TWNTN4A using Murthy's [6.731 extension of the Barn- are adjusted while continuing to impose the interface pres-
well and Sewsll [6.74], [6.75] model, see Section 6.2.3 for sure distribution. The process is accomplished by adding
more detail. The TWNTN4A code offers two options for approximate mode shapes, such as a constant, a linear dis-
applying four-wall corrections. The first option is the se- tribution or a square-root distribution, to the geometric
quential application of sidewall similarity-rule corrections shapes to approximate the boundary-layer growth. This en-
(see Section 6.2.3) directly to the measured data, followed tails additional solutions until a least-squares match is ob-
by an additional correction for the top and bcttom wall in- tained on the second measured variable. In the AEDC ex-
terference. The second option is the unified application to periments, the second variable is the streamwise derivative
all four walls simultaneously, with the sidewall-boundary- of the velocity component normal to the interface, &v,4/9,
layer effect represented as an additional term in the TSDE. as measured by the two-component static pipes. This pro-

cedure was investigated by means of numerical simulationsOther than cases examined by Kemp and cited above, [6.12] of the viscous flow over the AEDC wall-interference
early applications of TWINTAN and TWINTN4 were re- model and the results were promising. Huwever, when ap-
poted in [6.761 and [6.771, respectively. Recent results plied to experimental data for the same model [6.62], ma-by Green, Newman et al. [6.61u, 6.71], [6.78], used jor changes to the geometric shape were necessary to im-
TWNTNA in the unified four-wall approach and found prove agreement with the measured &./8r. The result-
that the Murthy extension [6.73] is preferred for application ing changes in the local pressure-distribution corrections
to adaptive-wall data obtained in the NASA/LaRC TCT. on the model were not consistently better. Therefore, fur-
Representative results obtained by the WIAC procedure ther development of the approach was postponed and the
[6.61], [6.78], are shown in Fig.6.13. In Fig.6.13, data ob- one-variable method was emphasized in the AEDC investi-
tained during successive adaptive-wall iterative steps begin- gation.
ning from aerodynamically-straight walls at two different
ratios of tunnel half-height to airfoil chord length, h/c, have
been corrected by three passes through the TWNTN4A 6.2.3 Flow quality and
code. Several passes through these partially-adapted data sidewall-boundary-layer effects
were required in order to adjust the upstream flow-angle
distribution iteratively since no measurements of'that dis- Flow quality and sidewall-boundary-layer effects are
tribution were made. two important issues for all wind tunnels, not only those

The two-variable method with both variables measured with adaptive walls. Flow quality and data accuracy re-
at the interface leads to a much more difficult solution pro- quirements have been considered in depth recently by the
cedure. Mathematically, there is a question whether the AGARD FDP. The Wind Tunnel Testing Techmques Sub-
problem is posed properly [6.72]. Nevertheless, an approx- committee of the FDP examined these requirements and
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Fig. 6.13 Comparison of free-air, thin-layer Navier-Stokes CFD lift co-

efficients with 0.3-m TCT partially.adapted lift coeffcients uncorrected and
corrected using the TWNTN4A two-variable-method code, NACA 0012 air-
foll, M = 0.65, a = 2 deg., Re. = 9 x 10' (from [6.61]).
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the results were reported by Steinle and Stanewsky in 1982 duced variables n and [nF,(n)j'/', where n = fH/V is a

[6.79]. Flow quality and data accuracy also were the sub- Strouhal number, F,(n) is the reduced power spectral den-

jeet of the AGARD FDP Symposium in Naples in 1987 sity, f is the frequency, H is the test section height, and

[6.80). A further aspect of all wind tunnel testing, namely V is the free-stream velocity. This noise is very close to

viscous simulation and control, has received a great deal of the minimum corresponding to turbulent boundary-layer
attention and is summarized in the final report of AGARD noise. The integration of a pressure spectrum defines the

FDP working Group 09 [6.81]. Viscous simulation and con- RMS reduced noise g/q, i.e., f Fp(n)dn = (j/q)
2

, where

trol will not be discussed explicitly in this section. How- is the RMS fluctuating pressure and q is the dynamic pres-

ever, flow quality and sidewall-boundary-layrt effects are sure. In these experiments the measured frequency range

discussed here specifically for adaptive-wall applications, was 1 Hz to 20 KHz. This noise is constant as a function
of free-stream Mach number at a level of 3.8 x 10', see

Flow quality Fig.6.15.

Velocity fluctuations also were measured with hot wires
Flow quality in a wind tunnel is very important or and hot films and are presented in Fig.6.16. The turbulence

proper viscous simulation and control, especially for ex- intensity in the stilling chamber probably depends on the
periments and tests in laminar flows and flows for which wind tunnel design, but the low level measured in the test

boundary-layer transition location is significant. The use section is a consequence of the use of flexible, impermeable
of flexible, impermeable walls in a test section prevents an walls and the large contraction ratio of 23.

increase in the usual acoustic noise emitted by the turbulent

boundary layers on transonic test-section walls. Sidewall boundary layers

An adaptive-wall test section flow-quality investiga-

tion was performed at ONERA/CERT in the flexible, im- The presence of sidewalls can provide a significant

permeable wall tunnel T2 [6.82]. Static-pressure spectra source of wall interference in all wind tunnels with 2D flows

measured at the center of the turntable are presented in over test articles spanning the tunnel and with 3D flows

Fig.6.14. The measured noise level is plotted using the re- over semispan test articles mounted on a sidewall.
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Fig. 6.14 Tunnel-empty static-pressure fluctuation spectra measured on
a sidewall of Tunnel T2 at ONERA/CERT (from [6.82]).
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The basic, empty-tunnel growth of the boundary lay- Major effort has been devoted to the blockage approach
era in adaptive-wall test sections with flexible, imper- by a group associated with NASA/LaRC. Development of

meable walls has been discussed in Section 3.2.2. This procedures to estimate 2D sidewall-boundary-layer block-

boundary-layer growth is accommodated by diverging the age corrections is given in a series of reports, which are
flexible walls in such a way that they are "aerodynamically summarized, chronologically, in papers by Barnwell [6.74,
straight", i.e., provide a uniform static pressure along the Sewall [6.75] and Murthy (6.73]. The models of [6.741,[6.75]
test-section length and so account for the boundary-layer account for three-dimensional blockage effects along the air-

growth on all four walls, foil span based on an average of the perturbations of the

Most of the algorithms discussed in Section 3.2.2 for 2D sidewall-boundary-layer displacement thickness due to the

adaptive-wall test sections with flexible, impermeable walls test article. Subsonic [6.74] and transoni [6.75] similarity

have provisions for computing the displacement effect of the rules for interpreting the measured airfoil data also have

model-induced pressures on the top and bottom walls. The been derived. The Murthy extension [6.731 accounts ap-

displacement effect is found by calculating the boundary proximately for the airfoil aspect ratio and reduces to the

layers with the measured pressure distributions as input, equations of [6.741,[6.75] in the limit of vanishing aspect ra-

This accounts well for the modulation of the empty-tunnel tio. In Fig.6.18, airfoil drag data from the NASA/LaRC

boundary-layer growth on the top and bottom walls due to TCT with slotted walls have been corrected [6.61],[6.921 by

the presence of the model. For 2D ventilated adaptive-wall the Barnwell-Sewall [6.74[,[6.751 and Murthy (6.731 meth-

test sections, the transpired boundary layers on the top and ods.

bottom walls are beyond the interface surfaces and so are Finally, Obayashi and Kuwalsara [6.93] have obtained

taken care of automatically in the adaptation. CFD solutions using the thin-layer approximation to the

In supercritical and very high-lift flows, the sidewall Reynolds-averaged form of the Navier-Stokes equations.

boundary layers interact in a very complex manner with The thin-layer approximation is applied on both the side-
the flow over the test article for all 2D test sections. Seri- walls and airfoil surfaces in a simulated 2D wind-tunnel test

ous contamination of the desired 2D flow can occur as a re- with locally supercritica flow.

sult of the interaction, particularly for narrow test sections. Clearly, further investigation of sidewall-boundary-

The variations of the sidewall-boundary-layer growth in the layer effects on 2D testing is necessary. With further un-

presence of the model were calculated by Newman and An- derstanding, it may be possible to consider 2D tests as the

derson [6.83], [6.84] for early 2D adaptive-wall experiments sum of an ideal 2D flow perturbed by 3D effects from the

performed at NASA/LaRC by Everhart [6.85]. More re- sidewalls. Moreover, if a reliable correction term can be

cently, ONERA/CERT has found that these sidewall effects estimated in the central part of the flow, it might be fea-

are a major factor in determining Mach-number/angle-of- sible to establish a new adaptation strategy to cancel the

attack limitations in Tunnel T2 for 2D airfoil testing [6.86]- sidewall perturbation.

[6.89]; see also their response in the Appendix to Question In 3D flows, the boundary layer on the mounting
3.8e. The sidewall-boundary-layer displacement thickness wall for all semispan models presents problems similar to
in T2 for a CAST 7 airfoil section at M = 0.76 and a = 0* those in 2D, but possibly exacerbated by the presence of a
is presented in Fig.6.17. The sidewall effects correspond to half fuselage. No work in this problem area is known for
a change in displacement thickness of 1 to 2 mm, which is adaptive-wall tunnels.

not negligible compared to the displacements of 10 to 20 For 3D testing in 2D test sections with impermeable
mm needed to adapt the upper and lower walls, walls, the sidewall boundary layer(s) adjacent to the wing

A great deal of consideration was given to sidewall tip(s) must be investigated to establish their significance for

boundary layers in the GARTEur cooperative project on inclusion in adaptation algorithms. In 3D tests a sidewall

CAST 7 airfoil data [6.24]. Other recognition of the impor- boundary layer adjacent to the tip sustains lower pressure

tance of 2D sidewall boundary layers is given in [6.90],[6.911. gradients than in 2D, but can be highly three dimensional,

Some researchers [6.861,[6.91] attribute the principal effect as sb'wn in Fig.6.19. These 3D experimental data were

of sidewall interference to changes in the induced downwash obtained in T2 by a boundary-layer-probe survey carried

at the model due to the spanwise variation of lift. Other out on the sidewall of the test section off the tip of the

work focuses on blockage as the principal effect, wing, which was 60 mm from the sidewall. The boundary-
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FIg. 617 Dlsplacement-thlckness contours on the sidewall of Tunnel T2
at ONERA/CERT for a CAST 7 airfoll section at M = 0.76, a = 0*
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layer thickness is changed principally downstream of the wind tunnels as well as in passive, ventilated-wall tunnels.
wing where the trailing vortex system induces an upwash The GARTEur CAST 7 [6.241 and the CAST 10/DOA 2
near the wall. The pressure gradients are small, but the [6.94] investigations are excellent examples of such compar-
flow direction changes, so the displacement thickness can ative studies.
vary 1.4 mm in the vertical plane. In 3D flows, too, fur- Results to date in both one-variable and two-variable
ther investigation of sidewall-boundary-layer effects clearly methods for nonlinear wall interference indicate that a great
is necessary. deal more research and validation are required. The status

in 2D flow is advanced over that in 3D flow as is the case
6.2.4 Concluding remarks generally with adaptive-wall development. Nevertheless, it

is now well established that for transonic testing with exten-
Methods of determining linear residual wall interfer- sive supercritical flow present, significant wall interference

ence appear to be well established theoretically; however is likely to exist in conventional ventilated test sections.
they need to be validated, for example by comparative stud- Consequently, residual correction procedures require fur-
ies of test data on the same model in different adaptive-wall ther development hand-in-hand with further adaptive-wall

development.
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Fig. 6.18 Comparison of 0.3-rn TCT, slotted-wall drag coefficients uncor-

rected and corrected using the Barnwell-Sewall [6.74), J6.751 and Murthy [6.731
sidewall-boundary-layer techniques, CAST 10 airfoil, C, = 0.5, Re, : 15 x i0o
(from [6.61J).

FIg. 6.19 Displacement-thickness profiles on the sidewall adjacent to the
tip of an ASO semspan wing In Tunnel T2 at ONERA/CERT.
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Chapter 7

Adaptation for Unsteady Flow

Editor: 11. Fbrsching
Contributor: R. VofR (DI.R, Gottingen)

7.1 Introduction where V denotes the ratio of specific heats. Eq.(7.2) is the
time linearised transonic small perturbation (TSP) equation,Wind tunnel wall interference in unsteady flow has not been where we recognize a non-linear term associated with the

as thoroughly investigated as in steady flow. In the case of steady flow potential ' independent of time t.
unsteady flow the wind tunnel wall interference problem is
much more complicated by additional parameters describing In the case of harmonic motion of the airfoil,
the time-dependent variation of the unsteady flow field.
Moreover, other sources of interference, such as tunnel wall 4 (x. Y, ) = 4' (x,y) e , (7.3)
reflections in the form of acoustic waves and, as a conse- h the coordinate transformations (L = reference length)
quence, wind tunnel resonance, may play an important role wit
as well. k = x/L , j7=Jy/IL and

All investigations on unsteady wind tunnel wall interference U- 
-  (7.4)

known so far have concentrated on (harmonically) oscillating T with
lifting systems and bodies undergoing small amplitudes of
motion in closed and ventilated wind tunnel test sections. For and upon introduction of a reduced velocity potential fp
the ease of such motion-induced unsteady flow, a general e,
outline of the problem from a theoretical point of view is giv- ' we , (7.5)
en in Ref[7 I] Experimental results from systematic wind Eq.(7.1) can be transformed into the well-known I Ielmholt7
tunnel interference measurements are reported in Refs. wave equation:
[7.2] and [7.3]. 2

With the recent development of adaptive wind tunnel walls, qr;; + 
(  

+ A w = 0 . (7.6)
by which steady wall effects are eliminated or significantly A fundamental solution of Eq.(7.6) is
reduced by actively controlling flow near the walls, new pos-
sibilities for correction of wind tunnel wall interference have ,o ~ o(r) . (7.7)
also emerged for unsteady flow. In the following, prospects
and concepts of experimental and analytical techniques for where
correction of unsteady wind tunnel wall effects, appearing
with aerodynamic and aeroelastic measurements of oscillating
lifting systems and bodies, are presented. First, some funda-
mental relations of motion-induced unsteady flow fields, basic /M = "ankel function of second kind and order
to a physical understanding and analytical treatment of zero, satisfying the Sommerfeld radiation
unsteady flow phenomena, are explained. Then the principal condition,
causes of unsteady wind tunnel interference are described and _.L _ reduced frequency
the practicability of adaptive wind tunnel walls to eliminate k = , ( = circular frequency).
unsteady aerodynamic wall interference effects in unsteady

aerodynamic and aeroclastic wind tunnel model measurements kM
is discussed. Finally prospective wind tunnel wall corrections A reduced wave number,
for motion-induced unsteady flow, applying steady flow wall
adaptation and CFD-techniques, are outlined. Wind tunnel
wall effects on other unsteady aerodynamic processes, such = ,AM_ and
as flow separations at high incidences, vortex and boundary
layer flows, are beyond the scope of this chapter. r = (T- )' + Q_- q)' = distance between

transmitting (4 , i) and receiving field

7.2 Basic Physical Relations of Motion-Induced Unsteady point.

Flow Fields sy

The differential equation that governs the inviscid unsteady upper tunnel wall

flow due to small oscillatory perturbations imposed on a /// / / / /
steady, uniform flow field is a wave equation. In reference to
rectangular coordinates, see Fig.7.1, this equation for two-di-
mensional unsteady compressible flow, generated by an oscil-
lating airfoil, reads, see Ref.[7.4]: unsteady wake b

_- a,, 
-

(7.1)

tlere, 4' = 4 (x,y, i) is the time-dependent perturbation x
velocity potential, U the velocity or the undisturbed flow, Uj,M. Ms
H. the corresponding Mach number and a the velocity of
sound. When the steady free stream Mach number M. is
close to unity, the governing equation for 2d transonic flow axis of rotation b
in its simplest form reads, see Ref,[7,4]:

(,- + 1), 0) +,
I ax (7.2) //////////777///////// 117711

2o | lower tunnel wall

FIng7.1: Oscillating airfoil in a wind tunel with roordinate
system



92

1Hence, the unsteady part of the flow field of a harmonically i. c. an unsteady process may he directly affected hv steady
oscillating airfoil may be represented by a superposition of flow wall interference as well as by the purcly unstcady
perturbation sources which move with the base flow velocity sources of interference. as demonstratively shoi in Rcfs.
U. and propagate in the form or waves with the velocity of [7.5 and 7.6].
sound a,_ , thus exhibiting a waviness of the flow field The principal causes of unsteady tunnel intefMCnce - in
dependent on the parameters A and/or c and on the mode addition to the well-known steady interference ellects, such
of oscillation as well. As a typical example, Fig.7.2 illustrates as wall constraint, shock wave rcflection in transoniL low aid
the motion-induced unsteady flow field ofan oscillating airfoil wall boundary layers - are, see Fig.7.3
in 2d compressible flow, where (' denotes the real part (in
phase with the oscillating airfoil) and 9P' the imaginary part . unsteady effects of wall constraint.
(90 degrees out of phas.,) of the unsteady velocity potential a reflection by the walls of model-generated
4, .It can be seen in Fig.7.2 that this unsteady flow field is by
far more complicated than the steady flow field of an airfoil acoustic disturbances, and - as a consecquence -

acoustic wind tunnel resonance.at rest.
a distortion of the oscillatory wake of the model

by other tunnel deficiencies,
7.3 Wind Tunnel Interferences in Unsteady Flsosw * inherent tunnel flow fluctuations.

From the practical point of view, the most important types Since a clear understanding of these itsteady scind tunnel
of motion-induced unsteady flow fields in a wind tunnel arise interference effects is of basic concern for the application of
from forced or self-excited (flutter) oscillations ofr the model. adaptivenccepts te il c e disc aped ication of
In such wind tunnel investigations the unsteady aerodynamic adaptive wall concepts, they will be discussed i tore detail
data of main interest are the magnitude and phase of the in the following.
motion-induced unsteady aerodynamic pressures. For Corrections for unsteady effects of-wall constraint -excluding
instance, for an airfoil performing a pitching oscillation of transonic flow in tunnels having well-defined wall houndary
amplitude 0 abow - mean incidence a, , the wall interference conditions can readily be obtained from theoretical investi-
etlects on magnitude and phase of the unsteady pressures can gations. The corresponding boundary conditions for open and
be considered under the following headings: closed (solid) wind tunnel walls can easily be established, see

a steady effects on the flow for the mean incidence Ref.[7.1], hut it is difficult to obtain quantitative estimates for
ventilated wind tunnel walls becausc of matlhcnatical uncer-
tainties about the boundaries. For two-dimensional airfoils

" quasi-steady effects in context with the tite-de- oscillating in sub- and supersonic flow several such analytical
pendent kinematic flow conditions for al; unsteady wall correction techniques have already been elabo-
changes of incidence within the range rated, see Refa;.[7.7 - 7.12] .
(a. 0) < a < (a, + ) , Reflection of acoustic disturbances from wind tunnel walls

* unsteady effects on the manner in which the and their return to the model is a crucial unsteady interference
magnitude and phase of the motion-induced problem. As shown in the previous section, an oscillating
unsteady pressure vary with frequency in con- model generates unsteady pressure disturbances in the form
text with the unsteady wake. of travelling acoustic waves which propagate outwards in the

tunnel. After being reflected from the walls, these dist tirbaocesIlence, the requirements for avoidance of wind titnnel wall return to the model causing additional pressure changes thereintcrferencc effects on unsteady measurements arc: This is in contrast to the Sommerfeld far-field radiation con-

a correct (undisturbed) base flow and correct dition which requires a reflection-free propagation of the dis-
steady perturbations, turbances to infinity in free atmosphere. Flg.7.4 shows an air-

foil in 2d subsonic flow and the wave fronts from an acous-
" absence of any additional unsteady effects, ical disturbance in a uniform flow. It is seen that the velocity

of propagation of the pressure disturba.c-= a point P
in the direction normal to the wall is ,la'..-'IP, . and the

. M m  .79 k 2.0

M. 
X

04

!002

-004

-06 I . -/L Y/L

-2 - -2

Flg.7.2. Moton-fnduced unsteady flow field (complex unsteady potential function )) of an air-
loil performing harmonic pitching oscillations about the 0 425-chord axis (h' real
part. i = Imaginary part of V)
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steady and unsteady steady steady and unsteady

wall constraint on flow shock wave reflection sidewall boundary layers

unsteady unsteady unsteady

i resonance

I is iS4, _

reflection of per- wake termination fluctuations in tunnel flow

turbation pressures

Fig.7,3: Principal rauses o wind tunnel interference

time needed for the disturbance to be reflected by the wall and In a free atmosphere an oscillating model woull leave behind
return to P, is an oscillating wake the vorticity distribution of which is coTs-

2sistent with the unsteady flow at the model. If in a tunnel this
At = 2b/ a0, - lJ, - 2b //I a_ (7.8) wake is affected by a tunnel shock wave, the driving fan or a

near tunnel conner, the unsteady aerodynamic loading at the
where b is the distance to the wall. The attenuaion or the model may be notably influenced. There are reasons to sug-
disturbance by the time it returns to the source will depend gest that this source of unsteady interference is of consider-
on the distance travelled in the moving air which is able importance in certain special cases orlow flow speed and

a_ At = 2b / , (7.9) less important in transonic flow.

Finally, various types of flow fluctuations, often described
Thus, the reflected wave when it returns will be weaker (by collectively as tunnel noise, can have several unwanted effects,
natural damping), the higher the Mach number. Whet a dis- particularly in acroelastic model investigatinns. one of the
turbance from the oscillating airfoil is reflected rrosm the tun- principal sources of noise in transonic tunnels is the flow over
nel wall back to the wing with such a phase iclationship that ventilated walls. It is possible to reduce the noise frio this
it reinforces, or cancels out, a succeeding disturbance and source by covering the perforations with gauze cloth and to
hence the pressure changes currently occuring on the model, apply sound-absorbing material to the tunnel walls. as shown
then we have the case of acoustic resonance. This certainly is in Ref[7.16].
the most severe unsteady wall interference problem, first
described in Ref.[7.13] and experimentally verified in Ref.
[7.14] . For solid walls, that do not change the phase of the
wave on reflection, the resonance circular frcqucnc is

co, = (2n - 1) itU_, -n- -L , . = 1.2. (7.10)
H_ 2ba

so that Resonance condition

us,=2st. 1 ='2 712 b:I I -- b

For a tunnel with ventilated walls, theoretical expressions for A[
the resonance frequencies depending on wall porosity, depth A /" t

of plenum chamber and Mach number are given in Ref.
[7.15] . In the case of resonance, where the disturbances form / s t3  /'
a standing wave pattern, the normal velocity has a maximum
amplitude and the pressure has a node, i. c. is of/cro ampli- Fig.7.4: Positions of wave front from a disturbance at P. and
tude at the position of the oscillating airfoil. Accordingly, the reflection of acoustic waves from a wall
unsteady airloads on the oscillating airfoil will vanish at reso-
nance. A typical example is shown in Fig.7.5 . Whereas for
incompressible flow (M., -- O) there is no tunnel rcs~lmnce -
the resonance frequency decreases with increasing Mach
number - and since it tends to zero as M_ -- I. the predicted
resonance frequency must coincide with a test freqlucncy for 2W OM
some intermediate Mach number causing dramatic changes in c,/c 0  o ( 0
the magnitude and phase othe unsteady lilt on the oscillating fm -
model. Fortunately at the higher Mach numbers there are . 0.
influences to reduce the"n effects. Even for strong reflections I
from solid walls, the cfective air distacc traveled increases I
with Mach number and the reflections thus become more -20-
attenuated. Also, the reflected disturbances travel more with
the flow than across it, see Fig.7.4 . Furthermore, for tran-
sonic conditions, when the resonance frequencies are low I
enough, the (adapted) walls in typical transonic wind tunnels 0 le
will he perforated or slotted and the reflections thus snore a/sw, 5t 5 ,
diffuse and sttenua,cd

F1g.7.1: Resonance In a solid wall test section ladapled Irom
Ref.[7.I4f)
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7.4 Application of Adaptive Wind Tunnel Walls in t Iusteady
Flow

6
From the preceding explanations we have seen that the fol-
lowing wind tunnel interference effects, due to an unsatisfac- CL 0
tory test environment, are of main concern in unsteady acre- o o
dynamic and aeroelastic experiments with oscillating models: . A

i. interference of the steady base flow field by 0
steady wall constraints, including shock wave
reflections in transonic flow,

duced unsteady flow field by wall constraints, .=0

3. reflection of the model-gencrated acoustic dis- - 0027
turbances by the walls, 2 axis of 6ii Aa = 1

4. acoustic tunnel resonance in the test section. 0 adapted cdosed waits, Rea=17'10 6

With regard to the application of adaptive wind tunnel wall
concepts to eliminate or sipnificantly reduce these wall infer- o non adapted closed mlis, Re = 1.7 106
ference effects in unsteady flow measurements, the lollowing A perforated wolls, Re = 1.0 • 106
statements can be made. 050 5. 10 CL 15*

Ad I: Practicability and feasibility of wall adiptation for
steady flow have already successfully been dem-
onstrated, as shown in the previous chapters. Fg.7.6: In-phase-component c,' of unsteady lift coeffcient of

a harmonically oscillating model ('Standard Dynam-
Ad 2: Unsteady wall adaptation can be realized, at least ics Model*) with and without steady closed tunnel

theoretically, in the same way as for steady flow wall adaptation and with perforated walls (adapted
conditions. However, enormous technical effort is from Ref.[7.17)
mandatory even for 2d-meassurements. I Insteady
wall adaptation would require oscillatorily moving In general, more sophisticated correction methods are needed.
flexible walls, where the motion of the walls and In order to model unsteady wall boundary conditions in such
the wall contours would depend on the frequency methods, unsteady pressure data should also be measured at
and vibration mode of the model, on the model the walls. Indeed, the application of adaptive walls to mini-
amplitude of oscillation and on certain phase mize interference from steady flow wall constraints, together
relationships with respect to the motion of the with the application of CFD-techniques which take into
model. Streamlining algorithms for such a non- account unsteady wall pressure data from experiments to
stationary wall adaptation, even for the simplest describe precise wall boundary conditions, is most promising
case of non-flexible (rigid body) oscillations of the in deriving corrections for wind tunnel wall interferences in
model, would be very difficult to establish. 3d unsteady flow. Prospects and concepts for such hybrid wind
adaptive walls lie beyond the realm of practicabil- tunnel wall correction techniques are outlined in the follow-
ity. ing.

Ad 3: Elimination would demand basically the same
techniques and requirements as for nonadaptive
walls, i. e. ventilated walls to diminish the 7.5 Wind Tunnel Wall Corrections for Unsteady Flow
reflections and a model-to-tunnel si'e-ratio as Applying Steady Wall Adaptation and CFD-Techniques
small as possible. 7.5.1 Prediction Methods for 21) Unsteady Wall Interference

AdI 4: Remains essentially unaffected by adaptive walls Analytical predictions of wall effects on unsteady pressures
and cannot completely be eliminated by any type and airloads require exact knowledge of the wall boundary
of tunnel wall, conditions. Only three types of boundary conditions are well-

defined, namely those of solid (closed) walls, free jet and of
Summarizing it can he stated that the elimination or at least prescribed unsteady wall pressure distributions (known from
reduction of unsteady wind tunnel wall interference by means experiment). Porous or slotted walls can be simulated only
of adaptive walls is extremely difficult to realize, if at all pos- approximately by mixed boundary conditions including free
sible. Unsteady wall adaptation, therefore, cannot be consid- parameters. Until now systematic theoretical studies of
ered to be a reasonable means to overcome this problem, unsteady wall effects have only been carried out for 2d airfoils
However, since unsteady aerodynamic processes may also oscillating in subsonic and supersonic flow. As wind tunnel
strongly be affected by steady flow wall interferences, partic- tests with oscillating models are performed primarily for
ularly in the transonic flow regime, avoidance of steady flow aeroelastic purposes, wind tunnel interference effects have to
wall effects by application of steady flow wall adaptation will he studied within a wide range of Mach numbers, oscillation
also significantly improve the results of unsteady wind tunnel modes and reduced frequencies.
measurements, as demonstrated by Kuczka [1.17] and shown For 2d subsonic flow in one of the first systematic analytical
in Fig.7.6. lie obtained some satisfactory agreements between investigations on wind tunnel wall effects, based on Fq.(7. l)
results from a tunnel with steady adapted closed walls and Bland [7.7] derived an integral equation relating the down-
results from tunnels with perforated walls for the in-phase- wash w (prescribed by the harmonic motion ofthe airfoil) to
component of unsteady lit and moment coefficients. I lowev- the induced unsteady pressure jump bp at the airfoil:
er. the corresponding out-of-phase components disagree, even
for low reduced frequencies. They are especially affected by
reflections of model-generated disturbances from the walls. K( - , ,0, k) bp (Z) d (7.12)
because they are i.g. smaller than in-phase-components. In
addition, the wall reflected disturbances are phase shifted with This is an extension of Possio's integral equation [7.18]
respect to the model oscillations, which is valid for free stream conditions. Bland derived the

Thus, steady wall adaptation is a necessary prerequisite for rather complicated kernel K by Fourier transformation,
obtaining interference-free unsteady results. These, however, including tunnel wall boundary conditions to be attomatically
still have to be corrected f-mr ,nsesedy tnnsnl a ffect. flrlll,-d on infinitely estended walls in the gene~al form

Kuczka applied a simple correction method to model the p 0 t upper I wals (7.1)
influence of reflections from closed tunnel walls on low fre- p -. , 0 , at y - ± h lower , 7'
quency unsteady test results (7.17] or low aspect ratio models.
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where e denotes a specific wall parameter. The limiting
cases of solid walls and free jet are included in (7.13). when
c. - p=O - (=0 (free jet). ba.,s

(7.14) 12
c.-= - OpIS. = 0 - aql/j = 0 (closed wall) .CL 0c 1

(see also Chapter 6). 0 / " )

Thus, the effects of ventilated walls are described by certain "
values or cw., but the dependence of e upon the kind of
walls, their opening ratio and perhaps Mach number and 6 O.nM-11
reduced frequency is unclear and would have to be studied -,s - a)
systematically by comparison with experiments.
Bland's method was completed by Fromme and Golberg
[7.8, 7.9] , who improved the numerical performancc of the $L
solution method and extended it to general oscillation modes,including flap motions. They obtained results showing clearly 0 i k 5

the unsteady wall effects, especially the sharp drops in mag-
nitude of the loads and their phase jumps in the case of Fig.7.7: Lift coefficient IcLI and phase angle 0. of an airfoil
acoustic resonance , see Fig.7.7 . Wall effects are significant performing harmonic pitching oscillations about the
in the whole frequency regime and wall-influenced loads are 0.5-chord axis in the case of acoustic. resonance
bigger/smaller than the corresponding free stream values for (adapted from Ref7.8])
closed/open walls, which is well-known for steady or quasi-
steady flow. In particular, the strong changes in phase deserve These equations relate the downwash distribution . to an
special attention. unknown dipole distribution &p . which provides the

unsteady pressure jump at the airfoil by taking the unsteady
This numerical method provides exact reference results, but it flow values f and g at the windtunnel walls into account.
is restricted to 2d flows and to the regime of linear compres- A. A,, A6, &t, B, B, and C., C, C, are known integral
sibility, i. e. constant Mach number in the whole flow field. operators (kernel functions).
It hardly appears possible to extend this method to 3d or
transonic flow. For the numerical solution of (7.18) the wing profile and the

walls are divided into line elements (panels) on which
The following numerical approach, elaborated recently at w, b, f, g are approximated constant for each discrete
DLR/G6ttingen and to be published in Ref.[7.19] . is more step. The dipole strength in the wake in subsonic flow is
flexible. It is also based on the 2d linear Fq.(7.1), but can be approximated by the values near the trailing edge and by use
extended to 3d and evea transonic flow as shown later. Within of the Kutta condition. Since the unsteady potential function.
the framework of linearised unsteady theory (small amplitudes especially downstream of the airfoil, decreases only slowly, see
of oscillation) the position ofthe airfoil, its wake and the walls Fig.7.2, the control area of the integral equation shosld be
may be assumed to be approximately parallel to the x-axis. see extended over several chords (at least 10 upstream and 10
Fig.7.1. The airfoil is located midway between the tunnel downstream, as numerical tests have shown). Applying this
walls, a distance h away from them. Then, as ftlly described panel technique, or any other straight-forward (lD-tech-
in Ref [7.19] , this 2d boundary value problem can be solved nique for the numerical solution of Fqs.(7.18), the latter will
by application of Green's theorem: be transferred to a corresponding system of linear algebraic

equations, where A, A,, A6 , B, B, 8,, C , (. C, are
now the known aerodynamic influence coefficicnt matrices

(, (0 ±T- - -t ) d = 0 (7.15) replacing the integral operators, and where w, &p. f. g are
a n now column vectors of the correponding values at the airfoil

and at the wall control points. For the cases of solid and open
Ilere, walls, Eqs.(7.18) simplify to the closed forms.

4i = " i 1t°(lr) , = ( -- )
2

+(i-)
2 

, (7.16) solid walls: g=0 w= (A + A, fi' R) &p . (719)

is Green's function which satisfies Equation (7.6) and open walls: f =0 - w = (A + A2 W Co ) 6V

Sommerfeld's far-field radiation condition according to
Eq.(7.7). The integration contour C and the integration path from which the (wall-affected) potential jumps &P , and
s run along the boundaries of the control volume and along hence the related unsteady pressures, can be calculated for a
those boundaries where 0p is discontinuous, see Flg.7.g. For prescribed downwash w , i. e. oscillatory motion of tle air-
free flight conditions, infinite boundaries have no effect. Thus, foil.
only the profile contour and the wake line have to be taken
into account. For flows in a wind tunnel the integration path
also has to run along the tunnel walls. As a final result one /
obtains an analytical relationship between the downwash w -- kz-b13
at the airfoil, which is prescribed by the airfoil's oscillatory
motion, and the unsteady potential value f and the normal n- n
unsteady velocity component g at the walls,

w 0av/,IJ at the profile , ) I \

f= on the walls, (7.17) n

g - 8af8j on the walls , 1--w 1:-0 n -CD
in terms of the following set of integral equations:

w- AJqs+Alf±A2 g ,oo veto
f - B'(6+ 91 g() ( nlegmtonor o #7 rms of bx w

g, g .. C (C h + C, f)
R@'.7.: Integralion path and Integration area applying

Green's theorem for the solution of Eq( 17
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7.5.2 Application of Numerical Methods for Correction of 21)
In Figs.7.9 -7.11 some typical results obtained from this Experimental Results
numerical method are illustrated. Figs.7.9 and 7.10 show the
wall-influenced and Free stream pressure jumps in terms of the i r it is possible to measurc the unsteady wall pressure (tistrib-
non-dimensional complex unsteady pressure coefficient utions during the test, they can be used to correct thc wall-

A,= (p_,. - p.) I(q,. . As) (with q-. = free stream dynamic influenced unsteady pressurc data at thc model to corre-
pressure and Aa -pitching amplitude) on a 2d plate, per- sponding freestreamn values. Such wall pressure oseasurements
forming harmonic pitching oscillations about the 0.42.5-chord are a basic requisite in all steady flow adaptive wall concepts.
axis, and on an oscillating flap for the same Mach number In this ease unsteady wall pressure data (in amplitude and
M_. , reduced frequency k and wall distance 41l. . Again it phase) can also readily be mseasured. Then the afore-men-
can be teen that solid walls increase the loads while open walls tioned numerical correction technique can be applied in the
produce the opposite effect. Fig.7.l I shows the pressstre jump way described in Ref.[7.19] as follows.
Ar, for the samte conditions as in f~g.7.9 ,except that the
feduced Frequency has been changed so that it is close to the From the expserimsental unsteady (harmonic) wall pressure
First solid wall resonance firequency. It can be seen that both distributions c' the corresponding potentials (s' at the
the real part Ace and the imaginary part Ar4 arc nearly zero, walls can be obtained from

cp = -2 (9)X ~js) ek (7.20)

M .1 @ is k .050 blL =5 pitching oscitlation about ii.42s - chord aats

l0 Real part Imaginary part

.a a'ill~C35 /L - 1.0~~ l
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PIG.7.9: Comples unsteady pressure coefficient Ac, of an airfoil performing harmonic itching
oscillations about the 0.425-chard axis at differenst wall conditions
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M. =866 is .182 b/L 5 pitching oscillation about 0. 425 -chord axis

28Real part 2Imiaginary part
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Fig.7.11: Complex unsteady pressure coefficient Ac, of an airfoil performing harmonic pitching
oscillatiowns about the 0 425-chord axis at a reduced frequency k close to the first solid
wall resonance condition

arid hence should he mentiosed that tones iii his 2dl coriectirr tech-
nique, sec RcfE7.211], took tire walls into accountr hN anini

9)w P ite series of image singularity distributionus h wehich lhe
f c(4)c~x i t f2 1 W4 (721) derived a correction technique for wall irtcrfcrc:- in suh-

The wall pressures have to he measured at einough points
upstream and downstream of the model within the area of
integration. Then, from Eqs.(7.lS), one ohtains an integral 7.5.3 Fxtension to 21) Transonic Flow
equation for the walt-affected dipole distribution t5up' orr the

modetAr extension of the correction method desuril'cr in Ref.
rir~del[7,19] to 2d transonic flow is possible, if

(A4 + A, C C) bow w a - (.4, +.4 A2  ' Q~ spa' (7.22) a) the unsteady flow field may still he treated as a

or simall harmonic disturhance of (lie tearl trant-
or sonic flow field (i.e. small amplitude of lratrrrrtnc

.4" Aqs
5  

W -A42" (P W = a'-W N, (7.23) oscillations).

ItI can he seen that the wall effects chainge the downrvasl and h) the steady transonic flow field is weil adaupted (Ito
the kernel of the integral equation, compared to the corre- steady wail interference) and knownr and the
sponding free stream equation extenrsion of supersonic regionts in the wsindr itnnel

test section is significaintly smnailer thant the waill
A 64sp - w' (7.24) distance frown the model.

Substition of Eq.(7.24) in (7.23). finally. yields ihe following From a) it follows, that the untsteadiy flow mia y he riescrihed
integral equation: hy a complex velocity potcntial amiplitude furnctionr 4' wich

is governed by the time linearised TSP-eqriatiort (7.2). 1linen,
A,* bqsp" A AVs - A," a' (7.25) for harmonic oscillations according to liq.(7.7) arrd applying

thec transformations expresseul hy P~qs.(7.4) anul 17.5), tire
in wh di the kernel functions (influence coefficicirt matrices) TSr-equation (7.2) takes the form' of an inrornogeneorus
A , A,* and A," are known from theory; niqs" (and hnce Illelmholt7. equation:

c,*) on the model and (p' at thne wind tunnel walls (see
lEq.(7.21)) are known from experiment. 'Ihus, Fq.(7 .25) cain qws; + qi + '
be used for correction of the measured wall-imiflutiecd Ac,* ~ d

-distributions on the model in order to ohtain tire coirre- ( + + 1) -f- v ~(r+ ir () 17.26)
sponding free stream values Awl; or Ar, , respectively. ne2
Numerizal solution of Eq.(7.25) can again he perfoirmed hySs)
means of Cr-D-techniques. (P

It ahould he mentioned that Sawada [7.12] arrived in his cor- A direct integral equation method for the soluionr of this
rection technique, where he also applied (reens theoemi, at equation under free stream conditions is described in Ref
a formulation similar to Elq.(7.2S). The advantage of his (7,21) . Thin numerical computation technique can equally he
appeoach is, that the pressure distributions at the walls and applied to provide corrections for 2d unsteady transonic wall
at the model appear directly in his integral equation%. B~ut the effects, where a wall-interfewroce-free steady transsonic flow
kernela of these equations are rather complicateit functions. (by application of adaptive wails) would he a prerequisite.
The results he obtained are encouraging for low frequencies Fig.7.12 shows the region of integration foir this transonic
but are not as good in the vicinity of the resonanrce frequen- hotundary value problem. The additional necar-fielut control
cies. Nevertheless, for 2d subsonic flow, thin could he a area n comprises the local supersonic regions and can he
promising unsteady wall correction procedure, but an exen represented by a rather limited number of additional
sion to 3d and transonic flow and to more complicatetd (elan- unknowns. Then, an integral equation problem can he for-
tie) mode shapes or the oscillating model appears to he mulated for closed walls as well a% for the free stream coindi-
extremely difficumlt. Finally, for the sake of completeness, it tin and hence for their difference, which is the poinrtial of

the desired correction:
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wall panels This difficulty can be overcome by fornmulation of ic problem
in the time domain (such as I q.(

7
.1) and I1.(

7
.2)) aid then

applir ion of AIl-solution methods. Assuming again validi-
ty of a lineariscd unsteady potential equation (suhsonic or
transonic time linearisation), the difference between free

compressibility stream and wind tunnel flow also satisfies this cquation. For
source panels B example in 2d suhsonic flow the potential corrcction

(4'- 4,), based on Fq.(
7

.1), is:

leol sueoIc dipoles on profle 
2 

8f' 2 (od 7.9
reg~~ons - j aa I'721

M 2

t.- alpnels P12 a7.

While boundary conditions at the model arc unchanged by
Fig.7.12: Region of integration for the solution ot tih transonic wall effects, thus yielding zero downwash for the potential

2d boundary value problem including the additional ii
near-field control area 0 correction, the other boundary conditions have to he form.-

lated carefully. For the free stream case non-reflcutig boun-
dary conditions, as given in Rcfs.[7.251 and [7.26]. have to

] 6(, - 0 0; dZ _J |/S(p - A 4df =be used at the walls as wcll as on upstream and down,t r.n

boundaries. For the subsonic problem these houondarv condi-
= -J4'7.27) tions read:

on the profile and ± I -M2 T , *(~r . 7.301

', ) , d + - - f f S( o - ) , d = For closed tu snnel walls we have:

0 w (7.28) = q4 ' = (expermienta)

This yields the following boundary conditions Inr the cur-
in field control points of B , where (p' denotes the free rection potential (e!- 0) :
stream disturbance potential. Eqs.(7.27) and (7.29) can be
solved by the numerical method described in Rcf.[7.21]. For a ___+___

a (01 - .) ± --L(4"- 0,)ventilated walls the integral equation would also contain nor- TV I - Mf d I'mal velocity terms at the walls. These terms would have to be ' (7.; 1)
eliminated by mixed boundary conditions as formulated in M-1 

4
1hW

Eq.(7.13) by introducing the unknown wall parameter c. . = _+ 17'

at walls.
7.5.4 Extension to 31) Problems and Application of Finite

Difference Methods It is clear that such "d unsteady wall correction teclhiqucs
based on experimentally determined wall boundars conditions

In Ref.[7.22) Garner ct alii developed a 3d correction method may presently appear rather prospective. I owevei. with the
for ventilated tunnel walls by describing the wall influences further development of 3d adaptive wall concepts together
through an infinite series of images of the vortex distributions with further improvements in (FD methods. swuh hybrid
representing the model. This method has been modified in wind tunnel wall correctiii techniques may soos reach
Ref.[7.17] for closed walls, and its applicability was controlled maturity.
by comparing calculated and experimental pressure data at
the walls. Both methods are restricted to low aspect ratio
models and to low reduced frequencies (quasi-steady flow). 7.6 Concluding Remarks

3d wall correction by application of the integral equation Adaptive wind tunnel walls, already successfully applied to
method described in the previous sections for 2d flow will need eliminate steady flow wall interference, cannot readily he
a great number N oF panels For representation of the walls applied in the same manner to (motion-induced) nsteady
(typically several hundred), thus demanding vast computer flow fields. Even in the case of 2d unsteady flow, wall adap-
storage space ( - N') for the calculation or the aerodynamic tation would require tremendeous technical effortu "d adaptive
influence coefficients and long computing time N '

) 
for walls for unsteady flow fields lie beyond the realm ol practi-

inversion of the influence mairices. cability. flowever, as unsteady aerodynamic proccsses may
also strongly be affected by steady flow wall interference,

A significant simplification, especially for complex wind tun- application of steady flow wall adaptation would also consid-
nel model%, might he possible by neglecting in Iqs.(7.27) and crably improve unsteady aerodynamic wind tunnel test results.
(7.28) those terms which simulate the model. In Rf[7.23] Thus, steady Bow wall adaptation with the possibilit, to also
Ashill and Keating have shown for steady subsonic wall measure (after the stedy now adaptation) unsteady vall
interference that this simplification is justified if cquivalent pressure data, together with the application if advanced
free stream velocities and model shapes can be defined. An (Ir)-tachniqute which take the measured unsteady wind
alternative would be the use of finite difference methods. But tunnel wall data into account in formulating pretae tu il

in this case, the formulation of the unsteady problem in terms wall boundary conditions, is most promising in tlse develop-
of the I lelmholt, equation is not adequate because it would ment or new numerical techniques for correction of wall
introduce severe numerical difficulties. In Rcf.[7.24] it has interrerence in unsteady flow. ilaboration of such hybrid
been shown, that for finite difference solution of liq.(7 6) or correction techniques, and their experimental %eriiation by
Eq.(7.26) a limited upper reduced frequency exists. Relaxation corresponding systematic wind tunnel mealurnernins, is a
Methods converge only below this limit. For the wind tunnel challenging field oF future aerodynamic research,. It would
problem its value just equals the lowest tunnel resonance fre- contribute substantially to a new generation nfadvariced wind
quency. tunnel technology.



99

7.7 Referenees [7 IB) RunyanlI.. Walltin.C.& Consideration an the kffect of
Wind Tunnel Walls on Oscillating Air Forces fie is-oimen-
sional Subsonic Consla-essible Flow. NACA Report 11505
(1951)

[7 1] Moltiy.M., ChanYY.. Jostc.ij).J. lu.o-Pinoi-,nl Wind
Tunnel 544,11 tfrnre . (isaptec8. 5}nstedy 1is

1 
'Insrfr

encees. ACGARI ograph No.295 (1963). pp 13t 5 7.141 RursyanII.I..; Wtsttonl) S.; RaincyA.(, 7hrovetical and
Exp~erime~ntal Investigafirn of the Fffect, on Tunnel Walls an the

[7.2] lanslsounncN.; I~ctynderR.; Kicrappe.K,, 11msR. Corn. Focres ont an Oscillating Airfoil in Fr'st-lirnsional Slulsurnir
pacas ire Meosureownis in Four Furopean Wind 7rlucit C, Mompsressible IFlow. NACA Report 1262 (1955)
UInsteady Prestucest on an Oscillating Model (iThe NORA [7.15] Malscy D.G. Resonance Frequen Ies of V/entilatedl in d 7lun-
Expeclnmentst). AGARI) Report No.673 (1990) nets. AIAA J., VoL.16 (1980), pp.

7
.
6
.

[7.3] MooreAW.; Wight.K.C. An Experimental Inrtigation of [7.16] Malsey.D.G. The Reduction of Dynamic lsttrcfrne by
Wind- Tunnel WIall Conditions for Interference-l /r e ynamic Sound-Absorbing W4ails in the RAE .4ft Wind 7-/ne RAI'
Meawurmenti. ARC R&M 3715 (1969). TR 77120 (1977).

(7.4] IasidablM.. (Instead Transonic Flow. Prssioon P-n, (7 17] KucizkaDl. llybridrierfa,.en fit instationsie Mlsungen in
(5961). tcanssossischen Windikandlen am Ileitpiel dec llamsisichen

Nlckschwingung. DI VIR-Ill 66.-11966).
[7.5] l.Amlsoumne,N. Wind Tunnel Wall Interferense is 5'nsteaslc

Transonic Testing. AGARI) VKI lecturc Sertcs 1961-4 [7.16] Possio.C. Lazione aeroslinamica sul pcttfilo oss-illsntr io an
(1961). fuido compsr-sibile a relseit iptsonoca I 'A,-tclsica.

Vol.56 (1936). pp.441-458.

f7.6 Oeruis.I.:Zwfan,R. PGresn STu of (19ted' rt0) yamc [7.19] Vo8OR. Prediction and Correction of Unstrady 11ind lunnel
for iJ~ig Suface AGRI) I' 4(597) Wall Effelt on Oscillating Airfoils 13VI R-Il1 to appes

[7.7] BlandS.R. The Two-IMmensittnal Oscillating Airfidlin a Wind Ig)

Tunnel in Subsonic Imeo. SIAM 1. App(. Matlt . Vts(.19 [7.20] Jone.M.A. Wind-7Tunnel Wall Interfrence Lffro, ito Ovsi-
(1975), pp.6310.649. lating Airfoils in Subtonic Flcow. ARC RC&M 29)43 (1953)

[7.6] FromttseJ.A.; iolserg,M.A. Ustteady Tw~o-l littsissnal Air- [7.21] Crciltler.W.; VoBR. Inrestigationsv of the ('nvseadi, Aicloads
loodt Acting on Oscillating Thin Airfoils in Subsonic V entilated with Oscillating Control in Sub. and Trastonic Flotts in: Pint-
Wind Tunnels. NASA CR 2()67 (1976). Itt Int.Sympon Aciroelatticty. I)GIR Report 62-411 (1982)

[7 9] Fromnme...A.; tjttherg.M.A. Aerodynamic litrfe-enee [7.22] GamerjI.C. The Theory of Interference Efferrt son iynami
Effectst on Oscillating Airfoils with Controls in l'rsilstted Wind Measurments in Slotted- Wall Tunnels at Subsonic Xpeedt and
Tunnels. AIAA J., V.I. 19 ((980). pjs.417-426. Comparisons with Ex-periment. ARC R&M 35001115968).

[7.10) Garricr.IlC7. 7hroretleal Uste of Variable Pocosiss in Slotterd [7.23] Ashil(I'.R; Keating.R1l A. Calldation or lustoelI Wall
Tunneis fne Minimizing Wall Interference on INcosic Meat- Interference from Wall- Pcetssre Mrasrmcnss R Al; IR
wemento. ARC R&M 37(M6 ((971). 6506R6 (5965).

[7.24] Iihlers.IFE.; WeatheiIS.W.lI. A Hlarmsonir An-1-- Methsui
[7.55] I'IaleerM.F. Wind Tunnel Interference tin Oscillating Airfoilt for I Inseady Transonic Flose and lts Application r toh I -hitter

in low Supersonic -low. Acta Mchanic, Vol.516 (1971), of Airfoils NASA CR 35.17 (1962).
pr-1 15-126.

[7.25] IingSquistR.; MajdaA. Radiation tloundacy t..s)diioass (or
[7.12] SawadalI1. A New Method of Estimating Wind I unnel W~all Arouttir and Elastic WCave Calculatioas Cots,,, l'se sod

Interference in Uinsteady Two-lDimensional Ilow. NRC AppI. Math.. Vol 32(1()79) pp.3 13-357.
No 21274 (1983).

[7.26] Kwals.D. Non-Reflecting Far-Field Boundary (onditi-nt for
Unsteady Transsonic I-low Compiutation. AIAA I.5 Vtol 19
(198 1). pp. 1401-1407,



100

8 Conclusions and recommendations

Editor: H. G. Hornung
Other contributors: All WG12 members

8.1 Summary of the work Most of the algorithm development and most of the ex-
A number of recent activities of AGARD's Fluid Dy- perimental work has been in Group 1. Many algorithms

namics Panel have been related to the assessment or im, exist and it is generally recognized that the wall adap-
provement of the accuracy of wind tunnel results 18.1, 8.2, tation may be achieved effectively in one iteration step.
8.3, 8.4, 8.5, 8.6]. The work documented in this report This applies equally for two- and three-dimensional flows.
continues this general effort. The accuracy of wind tunnel The strategy of wall adaptation for Group 2 flows is
simulation in the high subsonic and low supersonic speed an easy extension from the procedure for Group 1 involv-
range is severely limited by wall interference. It is in this ing only a more laborious computation of the external
commercially and militarily important speed range that flow. However, the adaptation may not be achieved in a
the efforts of adaptive-wall technology have been concen- single step. Much less experimental work has been done
trated. Although adaptive-wall techniques have also been in this regime.
applied to high-blockage and high-lift situations at low Only a small number of investigations have studied
speeds, Working Group 12 restrictnd its attention almost the low supersonic fow regime. Typically, experimental
exclusively to the transonic speed range. work concentrated on the problem of canceling an isolated

The report begins with an historical introduction set- shock wave that impinges on the wall, by means of wall
ting out the aims of adaptive-wall technology and describ- shaping.
ing the early work and developmen' in the period up to Chapter 3 also presents selected experimental re-
the AGARD sneting in London, October 1975 18.6]. This suits emphasizing in particular systematic investigations
marks an important date because the pace of develop- in which experiments were made using the same model
ments increased significantly at about that time. in different wind tunnels, or models of different scale in

WG 12 was able to make good use of previous and the same wind tunnel. Other critical repeat tests, e.g.,
ongoing activities, such as meetings and reviews of re- with rotation of the test section, or with lateral displace-
cent years [8.7, 8.8, 8.9, 8.10). A very important vehicle ment of the model, are also highlighted. These clearly
for the dissemination of new information in the field, the demonstrate the efficacy of wall adaptation schemes for
Newsletter 'Adaptive Wall,* produced by NASA LaRC, Group I flows and allow the assessment of residual wall
provided the opportunity to send out a questionnaire to interferences or of the quality of adaptation.
assess the state of existing facilities as well as adaptation Chapter 3 concludes by pointing out that the need
methods and algorithms. This was an essential starting for wall adaptation is particularly groat in Group 2 flows,

point of the work. The responses to this questionnaire are becas iti t s tat ti na l tecniu es

documented in detail in the Appendix and a description because it is these that make conventional techniques

of the facilities is given in chapter 2. (ventilated walls with Wall Interference Assessment and

The response to the questionnaire also provided in- Correction, WIAC) ineffective. Adaptation would render

formation about the different methods and algorithms for the residual interferences small or at least correctable by

adaptation. These are discussed within the framework of WIAC.

a common theory and notation in chapter 3. The struc- Many three-dimensional flows in Groups I and 2 pro-
ture of the discussion divides the test section types into duce wall interference distributions that may be can eled
four categories according to whether the adaptation is almost completely by two-dimensional adaptation. 4d-
two or three-dimensional and whether the walls are im- vantages over three-dimensional adaptation such as be ter
permeable and flexible or ventilated and rigid. In the optical accessibility and much-reduced complexity hwe
case of rigid ventilated walls the interface at which outer led to a number of investigations of two-dimensional ad.ap-
and ier flows are matched is necessarily located within tation for three-dimensional flows. This is the subject of
the flow field, so that the measurements at the interface chapter 4. The wall adaptation is used to cancel wall
(typically static pressure and normal velocity), needed for interference along a selected target line within the test
adaptation, are much more time-consuming and difficult section and to determine and correct for the residual wall
to obtain than in the case of impermeable flexible walls, interference. Only impermeable flexible wall configura-
for which the matching interface is the wall (typically wall tions have been used for this type of adaptation.
static pressure and wall displacement). However, for near- The various methods and algorithms applied by dif-
sonic and supersonic free stream flows, perforated walls ferent research groups are discussed and examples of re-
are still considered to be superior although the position suits presented. Particular attention is given to large as-
may change as a result of new research. ,ect ratio wings or wing body conhgurations. System-

From the point of view of wall adaptation, it is useful atic investigations giving the residual wall interference for
to subdivide the speed range into three groups: high blockage ratio experiments demonstrate the efficacy

Group 1: Flows with subsonic free stream, in which of this strategy. Typically, the residual wall interference
locally supersonic regions may occur near the can be reduced to below the minimum non-uniformity
model, but where the walls are in a region well achievable in modern wind tunnels. An interesting result
represented by the linearized compressible flow is that there are advantages in having a rectangular rather
equations. than a square test section.

Group 2: Flows with subsonic free stream in which the Chapter 5 discusses the prospects of using adaptive-
nonlinear regime in unconfined flow would ex- wall technology in wind tunnels designed for high-
tend beyond the walls, productivity industrial testing. The need to acquire data

Group 3: Flows in which the free stream is supersonic rapidly, e.g., in a continuous angle-of-attack sweep, makes
and near sonic. It necessary to use predictive adaptation strategies, as
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well as to use extremely fast algorithms and wall control been concentrated on Group 1 flows. As regards Group 1
technology to permit live adaptation. The results of this flows, a stage has been reached, at which wall adaptation
discussion are based on numerical modeling of the sit- with impermeable flexible walls can be incorporated with
uation and some experimental evidence. Chapter 5 con- confidence in the design and construction of future wind
cludes that for high-productivity tests up to high subsonic tunnels both for research and production facilities.
Mach numbers, two-dimensional adaptation of imperme- However, a number of open questions remain for fu-
able walls is most desirable. It is essential that a sat- ture iesearch. These are particularly evident in the areas
isfactory predictive algorithm be developed. A possible of adaptation for the upper end of Group 2 flows and in
strategy is discussed. For near-sonic free stream condi- Group 3 flows.
tions ventilated walls remain unrivaled. In the flow regimes where the adaptive wall technique

Any work on accuracy improvement must compare has been tested extensively, it provides a number of sig-
conventional with new techniques and provide a measure nificant advantages over the conventional approach. In
by which to judge the improvement. To this end, Chap- contradistinction to WIAC techniques, it does not require
ter 6 discusses the limits of adaptation in view of resid- interpretation of the effects of wall-induced disturbances
ual interferences in comparison with conventional WIAC on the nonlinear flow over the model. Residual interfer-
techniques as well as the development of the latter. Con- ences remain only in the form of linear perturbations on a
sequently, a large part of chapter 6 is devoted to the dis- nonlinear flow. The spatial averages of these can be read-
cussion ofthe development of various modern WIAC tech- ily corrected, because the boundary conditions are well-
niques. It is concluded that in this field there exists a con- defined by measurements. It is recommended that resid-
siderable need to validate theoretically well-established ual interferences be quantified and expressed in WIAC-
techniques for Group 2 flows, like terms. Depending on the constraints of aspect ratio

An important limitation of wall adaptation tech- and tunnel width, there is a clear size advantage, block-

niques is the effect of the presence of the model on the age ratios of up to 7 times traditional values being toler-
wall boundary layer. Depending on the flow regime, the able. The power requirements at a given model size are

effect on the displacement thickness can be quite signifi- thus dramatically reduced. Furthermore, the power per
cant. This is especially true in two-dimensional flows and unit cros sectional area is also reduced with imperme.
for wall-mounted half models. In order to correct for this able adaptive walls. Flow quality is increased. Effects
effect, it is necessary to make measurements or at least ap- due to wall interference may be decoupled from those
proximate computations of the side-wall boundary layer. due to Reynolds number. The productivity of existing
This effect is, of course, not peculiar to adaptive-wall test automated adaptive-wall wind tunnels compares favor-
sections, but, because wall interference effects are dra- ably with that of conventional wind tunnels, because the
maticaly reduced, it plays a more important role among desired free-stream conditions can be obtained directly,
the remaining uncertainties, without interpolation, thus minimizing the requirements

Clear advantages of adaptive-wall technology are for test matrix size. While the predictive strategy advo-

seen in the much-increased tolerable blockage ratio over caed in chapter requires residua corrections, it does

that of ventilated walls at the same level of residual in- enable testing in continuous sweeps.

terference. This means higher flow quality, much lower 8.2.1 Grup I f
drive power, lower residual (and correctable) interference
at the same Reynolds number. Perforated walls are still The technique using impermeable flexible walls is
seen to be the best practical method for Group 3 flows, clearly superior to that with rigid ventilated walls, be-

ChL.,ter 7 considers the possibility of achieving par- cause of the relative speed and accuracy of obtaining mea-
tial adaptation of unsteady flows. After a discussion of surements on the control surface. Other advantages de-
theory and experimental results in unsteady transonic rive from the smooth wall: Reduced power, increased flow
flows it is clearly argued that full adaptation is practically quality.
impossible. However, initial successes point to a method Incorporation of the flexible adaptive-wall technique
by which much-improved accuracy can be obtained by is definitely recommended for large-scale wind tunnels de-
adapting for a mean steady flow and measuring the un- signed for two-dimensional testing. The technique using
steady wall pressure distribution in order to correct for two adaptive walls for three-dimensional flows (see chap-
the unsteady component by computational techniques. tsr 4) has been tested in several laboratories. It provides

a significant improvement over conventional wind tunnels
8.2 Conclusions and recommendations as regards accuracy as well as the advantage of better de-

fined boundary conditions for correction of the residual in-
The rapid development of the potential of comput- terferences. The technological difficulties associated with

ers and of computational fluid dynamics over the last 25 the technique are minor compared with those of three-
years Ias made CFD an equal partner to the traditional dimensional adaptation methods. The technology is well
wind tunnel simulation in the aerodynamic design and de- proven even in cryogenic conditions in a large number of
velopment of aircraft. It has also considerably increased cycles without maintenance, e.g. T2 (Toulouse), TCT
the demand for a.curacy of wind tunnel data by the cus- (LaRC).
tomeza of production wind tunnels. The adaptive wall A new wind tunnel for this category is recommended
technique represents a significant step towards meeting to incorporate two flexible adaptive walls in its design.
this demand. It is a prime example of the symbiosis of
experiment and +omputation, a phenomenon of which we 8.2.2 Group 2 flows
are likely to se, very many more examples in the future.

From the assessment of the state of the art by WG 12 Much less experience has been obtained in this area.
it has become clear that the adaptive wall technique has The work accomplished both with Impermeable flexible
been applied successfully in many wind tunnels. The re- and with perforated rigid walls indicates that more ex-
suits from thes experiments have largely confirmed theo. perlence Is needed, before It is possible to make definite
retical expectations, though most of the experiments have recommendations committing funds to a production fa-
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cility. The perforated rigid wall technique is far from Continued development of methods for computing

being practicable in this regime, and with impermeable or experimentally reducing the effect of the side-

walls the difficulty of reducing reflections of non-planar wall boundary layer especially for two-dimensional

shocks from the wall, though partially successful in iso- and half-model testing, equally important for con-

lated experiments, requires extensive further work. Rape- ventional and adaptive-wall tunnels.

cially in two-dimensional and half-model testing, the side
wall boundary layer becomes very important because of 8.4 References
the effects of the shock wave on it (though this is not
an effect peculiar to adaptive walls, as pointed out previ- [8.11 Wall interference in wind tunnels. AGARD-CP-335,
ously). London 1982.

Based on results so far, it is recommended to test 18.21 Steinle, F., Stanewaky, E. "Wind tunnel flow quality
models at a small enough size to make the flow a Group and data accuracy requirements." AGARD-AR-184,
1 flow if poesible. This recommendation is conservative November 1982.
in the sense that current research work may well provide
acceptable solutions to the outstanding problems. [8.3] Mokry, M., Chan, Y.Y., and Jones, D. J. "Two-

dimensional wind tunnel wall interference." AGAR-

8.2.3 Group 3 flaws Dograph 281, November 1983.

[8.41 Aerodynamic data accuracy and quality: Require-
In this regime, only few initial results are available, ments and capabilities in wind tunnel testing.

indicating that, provided a very high density of wall ad- AGARD-CP-429, Naples, 1987.
justment jacks is installed, reflections from the walls may [8.5] Boundary layer simulation and control in wind tun-
be reduced considerably. However, it is not possible to nels: Report of the Fluid Dynamics Panel Working
recommend adaptive wall technology for production wind Group 09, 1988, AGARD-AR-224.
tunnels with Group 3 flows. As for Group 2 flows, it is
recommended to test models at a small enough scale so [8.61 Wind Tunnel Design and Testing Techniques.

that no waves are reflected onto the model. Otherwise, it AGARD CP 174, October 1975.
is necessary to continue production testing with conven- 18.7] Two-dimensional transonic testing methods,
tional perforated-wall testing. GARTEUR/TP-011, 1981.

[8.8] Wind Tunnel Wall Interference
8.2.4 Unsteady flows Assessment/Correction 1983. NASA CP-2319, 1984.

[8.9] Euromech Colloquium: Adaptive-wall wind tunnel
Adaptation of the unsteady part of the flow is im- and wall interference correction methods, G6ttingen,

practicable. The technique of adapting for the steady October 1984.
component of the flow and measuring the unsteady wall [8.10] Mini conference: Adaptive wind tunnel walls, state
pressure distribution so that the remaining interference of the art. Technische Universit4t Berlin, 1988.
can be determined and corrected is moat promising, as
has already been demonstrated in three-dimensional flow
[7.17]. This technique is particularly recommended if non-
linear interactions between steady and unsteady compo-
nents of the flow are to be expected, e.g. in near-sonic
flows for which the non-adapted tunnel would be choked.
Further development of this approach is recommended.
This method may readily be extended to production use.

8.3 Recommended research areas

There are, of course, many directions in which re-
search might proceed in order to try to provide solutions
for the many open questions that remain. Rather than
be exhaustive In this section, the Working Group singled
out a few particularly Important areas. These are

" Systematic inter-tunnel experiments of the same
model, including tests in conventional tunnels in or-
der to test quantitatively the advantage provided
by wall adaptation and the well-deflnednese of the
boundary conditions. It Is recommended that two-
and three-dimensional foms be tested.

* Development and demonstration of predictive strate-
gks for use in production type wind tunnels (see
chapter 5).

* Further experimental development of adaptive-wall
and reidual-correction methods for Group 2 flows.

* Further experimental development of adaptive-wall
and reeldua-correction methods for Group 3 flows.

" Application of the recommended technique for un-
steady lows in two-dimensional adaptive-wall tun-
ash for three-dimenslowal flow.
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Appendix
Editor : C. ¢Cray

Other Contributors : C. Ladson

The questionnaire is added at the

In order to assess the status and beginning of the answers in order to help the
design of the adaptive wind tunnels together reader.
with the operation and evaluation procedures
throughout the world, a questionnare was The title page of the "Adaptive Wall
designed and sent out with the "Adaptive Wall Newlesletter" which was used to distribute
Newsletter" at an early stage in the duration the questionnaire is inserted in its original

of the WG 12. format in the following page just to express
the appreciation of the W.G 12 to NASA

The questions addressing to the Langley Research Center and to the editor for
characteristic features of the facility, the wonderful idea of creating a Newsletter
technology and strategy of adaptation, on Adaptive Wall Wind Tunnels and helping out
iteration procedures, flow quality, with the distribution of the questionnaire.

references related to works accomplished form
the material of the questionnaire. Thanks are also due to those who have

very kindly replied to the questionnaire thus
The questionnaire and the answers can providing information about adaptive wall

be found in the sequel. The answers are wind tunnels throughout the wold.
reproduced in alphabetical order of name of
the Nations and the wind tunnels for a given It is hoped that this Appendix will be

nation are again ordered in the same manner of some help to disseminate the status of the
w.r to the name of the facility. Adaptive Wall Wind Tunnels and contribute to

futher advancements on the subject.
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Newsletter
Special Edition eubshe b Expw.fnnt Tochns anch December 1987

This is a special edition of the Adaptive Wall Newsletter published to acquaint you with the
activities of the AGARD Fluid Dynamics Panel regarding adaptive wall wind tunnels. At the
request of this panel, Working Group 12, 'Adaptive Wind Tunnel Walls: Technology and
Applications! was formed in May 1987. The purpose of the group is to review the use of
adaptive wails for both two- and three-dimensional testing. Guidance criteria will be established
to assist the wind tunnel designer and user. The direction for additional research on the
optimization of adaptive walls will also be addressed. The group is comprised of members from
Canada, France, Germany, Italy, Netherlands, Turkey, UK, and US.

The first meeting of the group was held in Ggttingen, Germany during October 1987. During
the course of the discussions, the group decided that the assessment and interpretation of the
current level of the technology could be achieved most easily if the investigators themselves
provided the information in a common format. This would minimize the dangers of
misinterpretation by third parties of information contained in published papers and reports. As a
result, a questionnaire has been prepared and is attached to this special issue of the Adaptive Wall
Newsletter.

The WG 12 would appreciate responses to the questionnaire from all facilities that have been used
for adaptive wall investigations, whether they are currently active or not. The members of the
group hope you are willing to participate by completing the questionnaire as fully as you can.
All North American responses should be sent to:

Mr. John C. Erickson, i. Telephone (615) 454-6691
Caspan Corp./AEDC Division
MS 600
Arnold AFS, TN 37389
USA

All other responses should be sent to:

Dr. J. P. Chevaltier Telephone 4657-1160
ONERA
BP 72
F-92322 Chatillon
FRANCE

Please feel free to call either of the above if there are questions you have about the form.
Responses to the questionnaire are requested to be mailed by January 31, 198g.
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OUSTIONNAIRE for P and 0 (see term of reference)

1. Generalities About the Facility 3.2.c Methods of evaluation (analytical;
numerical; range of application;

1.1 Organization, location e.g., M < 1 subritical, M 1
supercritical, M ; .

1.2 Person to contact for information (name;
position; &ailing address; telephone; 3.2.d Output and its relation to the
telex; telefax; ...) control variables, X, used

1.3 Name or other designation of the tunnel 3.2.e Type of computer and CPU time

1.4 Purpose (research, pilot, industrial 3.3 Initialization of Control Variables
operation ...)

3.3.a Previous test; method of
1.5 Current operational status; if inactive, extrapolation, if used when

date of moat recent use performing an a or M sweep

2. Main Features of the Facility 3.3.b Computation (method; input required
from model definition or

2.1 Circuit characteristics (continuous; measurements)
bloudown; closed or open return;
cryogenic; ...) 3.3.c Configuration representative of test

section when used in convectional,
2.2 Test section shape and size (metric, passive manner (see also 3.9.d)

please)
3.4 Iteration process

2.3 Mach number, speed range; Reynolds number
domain 3.4.a Summary of choices of variables used

(P. Q, and X in terms of reference)
2.4 Type of control used

3.4.b Description of approximations made
2.4.a Mature of the wall (impermeable; with respect to the derivation of

slotted; perforated; ... Eqs. (5) and (8) in terms of
reference

2.4.b Means of transverse flow control
(wall deformation; plenum pressure, 3.4.c Determination of influence functions
global or segmented; wall porosity, (experiments; computations; ...
global or segmented; ...)

3.4.d Relaxation factor choice (number;
2.5 General testing capabilities values; ...)

2.5.a 2D or 3D test; model configurations 3.4.e Prescription and/or determination of
and support the free-stream values (Mo) during

and at the completion of the
2.5.b Model, flow field and wall adaptation process

measurement capability (forces;
pressures; flow angles; wake 3.4.f Procedure flow chart
surveys; ...)

3.4.g Usual number of iterations to
2.5.c Time required for adaptation; time convergence

required for model data acquisition
3.4.h Automation level of process

3. Technology and Strategy of the Adaptation
3.5 Criteria for end of iteration loop

3.1 Data used
3.5.a Control surface figure of merit; if

3.1.a Definition of the control surfaces used, give definition, including
(shape; extent, effective or weighting
extrapolated; closure; ...)

3.5.b Flow control variable adjustment
3.1.b Nature, number, position, accuracy, criteria; if used. describe

independence, redundancy of the weighting
measured parameters used for the
entire flow control process; please 3.5.c Residual interference perturbation
distinguish among the flow control level; if used, describe where and
variables, X, and the control how calculated
surface flow variables P and 0, (see
terms of reference) 3.5.d Model measurements; if used,

describe
3.1.c Pre-processing of the data

(filtering recorded data vermum 3.S.e Fixed number of iterations: if used.
time; smoothing the data versus give number and rationale
position; interpolation;

extrapolation; ...) 3.6 Residual interference perturbation%

3.2 External Flow Field Computation 3.6.a Description of methods and range of
application (N t 1. M ) I; 2D

3.2.a Assumptions (2D; axisymmtric; 3D; adaptation for 2D tests, 3D
periodic;...) adaptation for 2D tests accounting

for sidewall boundary layers. 3D
3.2.b Particular choices of variables used adaptation for 3D tests, 2D
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adaptation for 3D tests)
4.3 Improvement of methods

3.6.b Use of output ( M, a; tables,
contour plots, ... of entire 4.4 Cooperative and calibration tests
perturbation field;

4.5 Routine operational testing
3.7 Scope of testing accomplished

3.7.a Total number of articles tested

3.7.b Characteristics of articles tested;
2D: Description (list of airfoil
section designations); blockage;
ratio of chord length to test
section height; M. a range tested;

3D: Description (body, axisyametric
or not; wing; wing/body;
wing/body/tail; ...); blockage;
ratio of wing span to test section
width; ratio of body length to test
section lenght; ratio of total
planfors area to test section cross-
section area; M. a range tested;

3.8 Quality assessment

3.8.a Empty tunnel calibration, including
approach to M 1

3.8.b Overall tunnel flow quality,
turbulence level

3.8.c Validation tests, use of calibration
models

3.8.d Repeatability, including approach to
M = I (nature of comparisons;
examples; ...)

3.8.e Limitations in M, a versus model
size

3.9 Miscellaneous topics

3.9.a Nonstationary testing experience

3.9.b Real gas effects in cryogenic
tunnels

3.9.c Boundary-layer and corner flow
effects

3.9.d Relationship of unadapted and
adapted results to previous results
in the same or similar facility with
passive walls (see also 3.3.c)

3.9.e Pertinent theoretical or numerical
simulations of flow control
concepts; correlation of simulations
with experiment

3.10 References

3.10.a Published papers listed in the
selected bibliography (Tuttle and
Mineck; NASA-T-87639) or in the
Adaptive Wall Newsletter updates

3.lO.b Other published papers

3.lO.c Private communications useful for
technological details, historical
interest,

4. Planned Activity

4.1 New facilities

4.2 Refurbishment of old facilities
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3.8. b. unknown
1.1 VKI, BRUSSELS 3.8.c. none

1.2 Prof.John F. Wendt, Chaussde de Waterloo 72, 3.8.d, unknown
1640 Rhode-Saint-Genes,, Belgium

3.8.e. unknown
1.3 1IKI Si Wind Tunnel

3.9.a. none
1 .4 Research & Industrial

3.9.b. none
1.5 Most recent use for wall adaptation; 1982

3.9.c. none
2.1 Continuous, closed return tunnel.

3.9.d. Relation to unadapted results and2.2 0.4 m * 0.4 a interference free reference data (smaller
2.3 .4 M 1.0 an 1.3 1 1 .25model in slotted wall test section)

10'c Re (6*16 3.9.e. none

2.4.a. solid contoured wall blocks 3.10.a. Tuttle and Hineck Mr. 147

2.4.b. wall shaping 3.10.b. VKI Project Report 1981-02 (1981)

2.5.8. 3D test; sting mounted model 3.10.c.-

2.5.b. model pressure distribution 4.1 -

2.5.C. automatic model data acquisition 4.2 -

3.1 Model representation by singularity 4.3
distribution

4.43.2 2D Adaptation for 3D Flow: Computation and
elimination of wall interferences at the 4.5
tunnel centreline.

3.2.a. 3D axisymmtric

3.2.b. not applicable

3.2.c. numerical, H ( 1 subcritical

3.2.d. wall displacement

3.2.e. VAX, CPU-time 1 Sec

3.3.a. n.a.

3.3.b. input required from model definition

3.3.c. Slotted walls

3.4.a. Wall interference assessment by one
variable method

3.4.b. n.s.

3.4.C. Theoretical influence function

3.4.d. One step method

3.4.e. Prescription of 14,

3.4-f. na.

3.4.g. one step

3.4-h. no automation

3.5 only one iteration step

3.6.a. 20 adaptation for 30 test

3.6.b. na.

3.7.&. one article temted

3.7.b. 90 ma ohiva-cylinder body, 4.4% blockage
ratio, body leingth in, M 0.7

3.8.a. a"Pty tunnel calibration
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FRANC more or less continuous recording of the
wall profile, data being numerically

1.1 ONERA CHALAIS MEUDON treated to obtain smooth values of the
slopes (0).

1.2 Andre BETREMIEUX, Head of SR wind tunnels,
group OAx6 B.P. 72 92322 CHATILLON Cedex 3.1.c. There is no filter on the pressures
FRANCE measurements except the natural one due
Phone (1) 45 34 75 01 ext 42 54 to the comparatively long tubes to the
TELEFAX (1) 45 34 75 01 ext 45 25 transducer, but the data used is the mean

value between the five holes at the same
1.3 i4LCh - Laboratoire de HMcanique des Fluides abscissa.

1.4 Research and pilot wind tunnel 3.2.a. It is assumed that the external flow
field is purely 2 D and extended at

1.5 Used for research but inactive concerning infinity in all directions around the
the adaptation since 1977 quasi - rectangular internal flow field.

2.1 Continuous, closed return, ambient 3.2.b. Oj is generally the normal component of
temperature perturbation on the control surface

deduced from the wall slopes corrected
2.2 0.225 a * 0.225 a; 0.7 a long for boundary layer displacement thickness

computed with th e measured speed
2.3 0.3 M < 0.90 distribution, this condition being in

ex H = 0.85 T = 313 K p = 1.15 b fact used on straight lines, near the
R = 1.2 10' (model chord 80 mm) wall. Pa is generally the longitudinal

component of the perturbation speed on
2.4.a. Solid side walls, flexible top and bottom the wall, deduced from the static and

wall. reservoir pressure measurements (and
stagnation temperature).

2.4.b. Wall deflection by ten unequally spaced
Jacks for each wall. 3.2.c. The functional I o7 I is computed

according to the Mach number (H ( 1 -
2.5.a. More generally 2 D with Just a short subcritical) with linear formulation and

attempt with a 3 D sting mounted model, the Prandtl Glauert transformation to
take account for compressibility, the

2.5.b. On the 2 D models mounted between side curvilinear integrals are numerically
walls, pressure measurements were obtained computed, splitting the contour into 4
(36 pressure holes on small airfoil parts : the real data being used on top
model), wake probes and schlieren and bottom limits and, upstream and
pictures. downstream interpolated values which give
Pressure measurements on the walls and very small contribution.
model by scanivalve. The time required for (H ) 1 supercritical), when some local
adaptation was very long : for each Mach number is greater than one a small
iteration the computed Jacks positions transonic perturbation method is used to
were obtained ; the time required for numerically obtain IC [0 ] without need
model and wall pressure data acquisition for extrapolation of the measured data
by scanivalves was comparatively short : due to the change of variable I =arctg x/h
with time to transfer the data, to use the
time sharing computer, to the wake probing 3.2.e. HP 2100 except for small transonic
about 20 sin. Due to recover the results perturbation code.
the first step of adaptation may consume
one day in 1974. 3.3 Various initialisations were used during this

early period to test the adaptation process.
3.1.a. Rectangular closed contour for the 2 D

control surface : 2 segments near the top 3.3.a. Start with straight wall diverging by the
and bottom wall (parallel) and two normal small angle-accounting for the boundary
segments at the entrance and exit plane of layer growth. (NACA 64 A 010 . a = 0)
the test section (2.3 C upstream and 2.9 C
downstream) 3.3.b. With the same aerofoil at a 6" a computed

curvature is added at the shapes
3.1.b. The measured parameters are: previously obtained to eliminate the

- the 2 * 10 . Xi control variables (Jacks obstruction effect
position)

- the resulting wall shape measured with 3.3.c. To eliminate the obstruction effect a
an electric comparator (numerical constant area around the airfoil is also a
output) with continuous displacement good starting point at smell angle of
along x axis attack. In the same way the theoretical

- 55 pressure holes on each adaptive wall shapes of the wall were computed for an
(5 files, one between two consecutive inviscid flow at different distances of
Jacks, one at the end. 10 Jacks per the airfoil for the design of the adaptive
file.) wall (small transonic perturbation with

- the accuracy of the position of the model definition (fig.3-37-)) An idea of
controlled points is 0.1 -m the conventional use of this test section

- the data acquisition, with direct is given with straight wall.
digital recording on perforated tape
gives general uncertainties of some 3.4.a. X - Jacks position
thousandth. P - local longitudinal speed related to

- all the pressure meaurements are not Hach number deduced from wall pressure
strictly independent by the using of measurements
only one transducer with scanivalves. 0 - local tranvere component of the speed
There are om redundant measurements on deduced from the longitudinal one
the wall shape: Jacks position (X) and according to the slope.



A-7

3.4.b. Despite the fact that some theoretical M - 0.86 a - 4
°

attemps were made to determine 3 D. Just a small touch with a wing body
theoretically 16% /8Xj model showing how small are the

perturbations to be measured.

3.4.c. and experimentally bI /0j the adjustment
process by hand was so much time consuming 3.8 Nothing, according to the aim of this first
that linearisation and matrices attempt.
determination and inversion were not used
but we begin to split the Xj distributions 3.9.c The corner flows are ignored but the
according to the ideas applied later in boundary layer displacement variations due
T2 to the airfoil perturbation field are

taken into account.
3.4.d. but using at that time only one relaxation

factor taking account of the known global 3.9.d. Some comparisons were made between
sensitivities of the internal and external pressure distributions on the 64 A 10
flow In terms of divergence, enlarging, airfoil without or with adaptation.
orientation and curvature of the section
and its midline. 3.10.a.Published papers listed by Tuttle and

Mineck (NASA TN 87 639) No 27 - 31 - 35 -
3.4.e. It was recognized that the effective Mach 37 - 40 - -56 - 57.

number of a given test was more accurately

determined by several local values than by 3.10.b.J.P. CHEVALLIER - Soufflerie transsonique
one for upstream reference. An arbitrary autocorrectrice. Paper for Mini Laws
weighting function (inverse of the square Meeting 5 - 6 Sept. 1974.
of the distance to model center) was
applied to the difference "- Pi [Go ,I M . 3.10.c.J.P. CHEVALLIER Correction de parois en
resulting from the minimisation of the sum transsonique Internal Report ONERA NT
of these weighted differences with N as 4/1865 AN Jul. 1972.
variable. It is only after 1977 that a
theoretically justified weighting function
was applied and that the effective flow
direction was determined according to all
the local slopes - Before 1975 the flow
direction at the infinity was taken as the 1.1 CHALAIS MEUDON ONERA
general direction of the chords of the aid
line between the walls. 1.2 Yves LgSANT, Research Engineer

B.P. 72 92322 CHATILLON Cedex FRANCE
3.4.f. fig.6 - citation (37)/ phone (1) 45 34 75 01 ext 44 28

3.4.g. iterations according to (37) 1.3 $5 Ch

3.4.h. Absolutely zero level of automation. 1.. Research wind tunnel with 2 test sections

3.5.a. After the minimisation versus N to obtain 1.5 Used for research - Adaptive test section is
Me , the weighted (by inverse square available
distances at the test section center)
differences summation E (e -4 [1 ,M* 1) 2.1 Continuous, closed return, ambient
gives a figure of merit coresporling, to a temperature
mean value t I- [O]1 3.10 q According
to the internal sensitivity of the 2.2 0.220 a * 0.180 a ; 0.3 a long
transonic flow it gives AX/2h 10

l  
The

technical means used at that time as well 2.3 M - 1.2 T - 315 K P - 0.6 b Re - 7.4510
for position (before and after but not ( a 1 m)
during the run). Those for pressure
measurements are coherent with this 2.4 Solid side walls - Top and bottom walls
matching error, adjusted by 151 transverse sliding plates

(180 -n * 1.5 an) positioned on special
3.5.b. No residual interferences perturbation profiles

level were determined but on a given
airfoil. Comparisons were made with a bad 2.5.a. 2 D, 3 D models at high angle of attack
or good adaptation to Justify the end of are used when strong shock waves reach
the loop criteriaAX. - 1 0.1 -. top and bottom walls.

3.6 The lack of an easy to use method to compute 2.5.b. pressure measurement on the model and on
the residual interference was the real straight lines in the test section
motivation to develop later the CCB method easured by mcanivalve and a five hole
cit. (63) probe.

3.7.a. Two models 2 D 2.S.c. time for adaptation: one week.
- computation with an Ruler code

3.7.b. 2 D - NACA 64 A 010 - wall deflection by machining special
blockage 0,044 profiles for each form, the test section
chord length so is coepletly removed.

- - - 0.45
test section height 10 3.1 pressures measurements on 2 lines near the
1t 4 0.866 a - 0 model (about 60 measuremts)
M - 0.85 a - 0 and 6"

3.2.a. the external flow field is computed with a
2 D NACA 0012 2 D Ruler code
blockage : 0.053 chord/t.sh. 0.4S
N 0.88 a . 0 3.2.b. comparison is performed on the flow



A-8

deviation near the upper and lower walls. 2.5.c. Blowdown stabilization 20 to 40 a
adaptation with a model data acquisition

3.3 Computation on a COBER 750, time 30 min per iteration 20 s (3 iterations) 3D
adaptation with a model data acquisition

3.4 not iterative : the first computation gives per iteration 60 a (3 iterations). Model
the right shape. This shape is the computed data acquisition 3 a.
wall shape, not an average with shape. This
is because the control surface is in the 3.1.a. 2D - The control surface consists of two
vicinity of the model, and not in the fictitious horizontal planes. These planes
vicinity of the walls, extend from - 100 H to + 100 H (H. test

section height). They are placed near the
3.5 no variations of pressure measured on the highest and lowest points of the top and

model bottom wall streamlines (wall streamlines
are the outher limits of the test section

3.6 too small regarding the aim inviscid flow) in order to minimize the
projection errors (sec 3.1.c).

3.7 2 D : 21 mm diaeter cylinder and 10 me 3D - The 3D adaptation process at T2 wind
cylinder tunnel is not a real adaptation like in
3 D : 15 delta wing 100 * 60 s- the reference. We use the "Wedemeyer -

Lamarche" method. It is a method which
3.9 no comparison because no exterior data computes wall deflections in order to

minimize the corrections of the velocity
3.10 Y. LISANT essais 2 D et 3 D A H - 1.2 and the flow angle on the model axis.

dans une veins adaptable Although we don't calculate an external
ONERA RTS No 39/3075 AY Decesbre 1987 flow we need a kind of reference surface

which consists of four flat walls and
extensions on the test section length.

3.1.b. Top and bottom walls are equipped with
three pressure tap rows; one on the

1.1 ONIRA/CERT, 2 AVENUE EDOUARD BELIN centerline, two on the sides (symmetry
31055 TOULOUSE CEDIX with respect to the centerline). The
FRANCE number of taps and their use are presented

in the following table (58,23 : pressure
1.2 MIGNOSI Andre Engineer, Head T2 group hole numbers)

ARCHAMBAUD Jean-Pierre, Research engineer
CERT telephone : 61 55 70 44 Centerline Left Right

telex ONECERT 521596 F
Telecopy : 61.55.71.72 Top 58-2D,3D 23-3D 23-3D 0.4 m diameter

1.3 T2 wind tunnel Bottom 58-2D.3D 23-3D 23-3D scanivalves or

PSI(in progress)

1.4 Research (ONERA and industrial firms)
In 3D case, the more interesting row is

1.5 Operational activity since 1975 chosen depending on the model location and
With adaptive walls since 1978 after an influence coefficient matrix is
Cryogenics activity since 1981 defined.

Movement of each flexible wall is carried
2.1 Closed return ; induction driven ; blowdown out by sixteen hydraulic Jacks which are

duration &120 2 ; cryogenic; pressurised moved step by step (unit step = 0.2 mm). A
( 5bars) system of close-fitting link rods (less

than 0.1 m play) insures a good 2D
2.2 Rectangular test section length 1.4 a * width movement (vertical, longitudinal to avoid

0.39 m * height 0.37 . local wall steps and large strain level).
The displacement of the flexible wall Is

2.3 Mach number 0.3 to 0.9 realized by successive homothetic shapes.
Pressure 1 to 5 bars The wall shapes are measured by
Temperature 100 to 300 K potentiometric comparators (accuracy 0.05
Reynolds number 3 to 40 million (C - 0.2 a) ma) aligned with the Jacks.

2.4.a. Solid flexible walls (2D deflection) 3.1.c. Here are presented the different steps
occuring between the data acquistion and

2.4.b. Wall deformation (upper and lower walls) the begining of the external flow
fixed plan and solid lateral walls, calculation (2D) or the correction

determination (3D).
2.5.a. 2D and 3D tests 2D -

Profiles, swept models fixed on sidewall,
centered symmetrical models fixed on a - Data acquisition on top and bottom
sting. walls. Each measure is an average of sixty

values. (See 3.1.L)
2.5.b. Pressure two or four walls + model. - Correction coefficients for each pressure

Shape top and bottom walls (2 * 16 measurement
Jacks and potentiometric comparators). aU (KI CV Lt,
forces wall or sting balances.
wake probed with a sting (pressure U
end temperature). - Change of grid data grid (58 points)
Temperature : safety control, flow and calculation grid (70 points).
model (over and inside) - Determination of the velocity components
special devices strain gauge. (? , longitudinal and p, vertical with
accelerometer, optical fibers for the the velocity magnitude and the wall
control of the model seroelastic behavior, streamline local slope (previous
unsteady pressure. iteration)
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- Projection of '0 and P on the flat The method that is presented above is in
control surface taking into account the good agreement with the analytical results
local vertical gradients of the velocity (I 1%o of accuracy).
components (deduced from the horizontal This procedure has been applied up to N =
gradients). 0.8 with a large profile (0.2 * chord
3D - 122 relative thickness, 6.5 % blockage

ratio).
A gradient method allows to know the 3D -
velocity on the reference surface. The velocity n the reference surface
starting from the velocity measurements on gives access to a model representation
the deflected walls. (singularities distributed on the model

axis). The velocity induced by images of
3.2.a. There are two options these singularities constitutes the part

- 2D without particular assumption we have to correct. Practically, the wall
- 3D the model is assumed to be shape corrections (symmetrical and
symmetrical with respect to the vertical antisymmaetrical, see 3.2.b) are straight
plane of symmetry of the test section, deduced from the data on the control
and to have small lateral extent. surface by means of two linear operators.

This process can start from any wall shape
3.2.b. 2D - 0 and P are the longitudinal and the and is fast converging (2 iterations with

vertical components of the perturbation a good initial wall shape).
velocity. This method has been successfully applied
3D - The adaptation is the result of two up to M = 0.95 with an axisymetrical
separated calculations respectively linked model (blockage ratio 2%) and up to H =

to the symmetrical and the antisymmetrical 0.8 with airplane half models.
effects.

3.2.d. 2D - The outputs of the external flow
calculation are relaxed velocity4Symmetrical=CU(x)+U(x)]/2 symmetrical X=sum components Oi + .. and P, on the flat

velocity f-p 6otto deflections of control surface.
(doubletsource deflec- - These components are projected on the

effects) tions new wall streamlines (see 3.1.c.)
Gantisyssetricl= [U (x)-U(x) ]/2 anti-

velocity NP b symmetrical x P
(vortex effect) deflections - The integration y(x) 0 d

entry
3.2.c. 2D - starting point : P

m 
and 60 on the fits two new wall streamline shapes.

control surface (see 3.1.c.). - The viscous layer is added to these wall
- Determination of the longitudinal streamline shapes to get the new wall
velocity component Qj of the external flow shapes. The viscous layer of each flexible
(Green function based on P" ) and the wall is composed of the displacement
infinite velocity 0. Isee 3.4.e). thickness of its own boundary layer
- change of' q in r . W - . ; (calculated with pressure distribution)
extrapolation of d1 from the four test and the displacement thickness of one
section edges to 1 100 H (99 points) P is sidewall boundary layer (considered as a
also extrapolated. flat plate)
- e5 and P' are divided in four terms - Finally. an interpolation from the

= E d4 corresponding to the calculation grid to the Jack grid gives
t - 1,4 the flow control variable x (J = 1,2

four effects : source doublet, doublet of ...32)
vortices, vortex.
- For each term, computation of P by a 3D - The wall shape corrections issue of
Green function the wall interference free flow 3.2.c. are

0 r + 100 H 0. (V) directly added to update the wall
Pi, (# ) = -- J dl,0= streamlines.

1 - 100 H g - x The processing leading to the control flow
compressibility factor, variable X is identical to the 2D one
- Relaxation of each term with its oun desa.ribed above.
relaxation factor(4 Pjt ,4 F , + (1 -4)P
- Combination of the four terms P(t which 3.2.e. 2D HP F 1000 Cpu time = 2 s.
gives the vertical velocity component of 3D HP A 900 Cpu time = 4 a.
the external flow P .
- At the end of the external flow 3.3.a. Usually, the result of a previous test is
computation, we know the velocity taken to initialize the control variables.
components 01 and F1 (both relaxed) on the The best way is to realize a M sweep for
control surface, the same angle of attack.
Remarks

3.3.b. 2D -

This method has been tested in analytical For a 2D case, estimated wall shapes can
cases (singularities). So, the calculation be computed by a singularity method which
grid has been optimized. is coupled with the blowdown program set.
The projection from the wall streamlines Singularlties are distributed on the model
to the flat control surface and vice versa (doublets) and the approximate aerodynamic
allows to increase the accuracy of the coefficients (drag .- sources ; lift-
result of a few per cent. vortices).
The extrapolations of 0 and p

m 
improve

the quality of the Green function 3.3.c. Since 1982, all tests are carried out with
computations (8 % up to 15 % according to the adaptation processing (20 or 3D).
a single analytical effect like source,
vortex ... ). 3.4.a. See 3.2.b, 3.2.c, 3.2.d.
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3.4.b. In the T2 adaptation procedures (2D and like this is more coherent with the flow
3D), there is no adjustment of the control surrounding the model.
variables in terms of control effect At the completion of the adaptation, we
matrices, observe that upstream measured Mach number
2D - The velocity component R and Gi are and free-stream calculated one are very
relaxed between the measured value close to each other (difference 1 0.005)
(internal flow) and the external computed independently of the weighting function.
flow (see 3.2.). Relaxation factors have 3D -
been optimized for each effect (doublet, After each test, free-stream values (M. a)
source ... ) are adjusted by a correction method (see
3D - In 3D case, a simple relaxation 3.6).
between the two Jack position sets
(measured data and computed by the 3.4.f. Flow chart
external flow) is sometimes used 2D 3D
(relaxation factor - 0.5).

3.4.g. 2D - 3 to 5 iterations (5 when test starts
3.4.c. No influence function used. from flat wall streamlines).

3D - 2 to 3 iterations.
3.4.d. 2D -

As noted in 3.2.c., the velocity 3.4.h. During the first part of a test, wall
components P and 0 are divided In four shapes are initialized and parameters are
terms (source , doublet, vortex, doublet of prescribed (rctably the free-stream Mach
vortices) and each term has its own number and the total number of
relaxation factor (see 3.10)(1. iterations). After that, all the
A numerical simulation of this relaxation adaptation procedure is automatic.
process, made for each term with a linear
internal flow calculation, fits an 3.5.a. Not used.
optimized et of relaxation factors.

3.5.b. The control of the convergence process
needs 3 or more iterations. This control

Vortex can be made on the successive wall shapes,
Doublet Source Vortex doublet the Mach number distribution at the walls

and the measurements on the model (strong
t. 0.5 0.25 0.65 0.6 weight). Usually the test section is

considered to be adapted if two successive
0.5 0.75 0.35 0.4 wall shapes are identical.

(unit Jack step = 0.2 m. Ix - X11 0.1 ma)
Theme factors are currently used for the calculate Jack
test.
We can demonstrate the two relations :Generally, If this criteria is verified,

w 1 - (J, for each effect, the others are also correct, because the
blowdown regulation insures a good

I t E w. - 2 stabilization of the flow parameters.
4 terms 4 terms

(cancellation of a local deflection). 3.5.c. Not used.
3D - see 3.4.b.

3.5.d. The convergence of the Mach number
3.4.e. 20 - distribution on the model is used to

The prescribed value of o(angle of attack) control that the adaptation is correctly
is the real free-stream value at the reached. Generally we can observe an
completion of the adaptation. Indeed, the alternate and well damped convergence.
adaptation method drives local P, - Fr
toward zero at the convergence. 3.5.e. Usually 4 iterations are fixed.
- During the blowdown, the computer is
adjusting a second throat located 3.6.a. 20 -
downstream the test section and so holds Assessment of residual interferences (for
the upstream Mach number close to the M(l) gives AM 5 i 0.002 and Ao I 1 0.020"
prescribed value. (approximations).
But the free-stream Mach number used in Sidewall boundary layer effect (0.1 to
the adaptation process is calculated by 0.2*) is studied (visualizations, sidewall
the following correction formula deduced deflection, sidewall removal).
from the Capelier - Chevallier - ouniol 3D -
correction method: The adaptation method is based on a 30

calculation but the control is made by a
2D wall deflection

[ (d. + O )] W(x) dx - 0 After each teat, a correction calculation
top and bottom gives local residual corrections of M and
control surface a. The method (0MNRA - Le Sent) uses a

model represeitation (singularities) which
where: is computed with the wall signature. (The
Sim the longitudinal velocity measurement four tap rows on each flexible walls).
projected on the control surface. For an airplane half model (swept
Q is the longitudinal perturbation size/test section width - 80 2) the
velocity calculated by an external flow infinite Mach number correction after
calculation with Fr as boundary condition adaptation has the same order of magnitude
(like in 3.2.c.. for the determination of than the 2D discrepancy (t 0.002) while
P (GW ) ). the gradient ON/OX is negligible. The
((x) is a weighting function which gives angle of attack correction is
heavy weight at the vicinity of the model. approximately 0.2" in the middle of the
5.. is the unknown free-stream velocity, wing, at great lifting came.
The free-stream Mach number calculated
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3.6.b. See 3.6.a. Test of an airfoil rTotal pressure 3b;Total
at Reynolds-6l' .*temperature - 290 K

3.7.a. Articles tested: Total pressure 1.7b; Total
- 6 airfoils I temperature i 190 K
- 5 syametrical centered models
- I swept wing -same result on the airfoil-
- 2 half models fixed at a sidewall.

3.8.d. The repeatability on the measured lift
coefficient (deduced from the pressure) is

3.7b6 equal to t 0.01 between tests separated by
20 Blockage(%) Chord P_ Crogenic a king to pieces.

Haight() tet.
NACA 12 4.9 40 0.6/0.85 -2/.6 No 3.8.e. A lot of tests with the CAST 7 airfoil
CAST 7 3.9 32 0.76 -2/,3 No allows to determine an example of

limitations in M, a for chord
CAST 7 4.9 40 0.7/0.78 -

2
/

1
A. YES _______ S4 •

CAST 7 6.5 54 0.6/0.8 -2/3.5 No weight

CAST 10 5.8 49 0.7/0.765 -2/.2 YES
ndustrial I
airfoil 5.0 A0 0.73 0/.4 YES . 4

p. O 0. 1 O

3D

Body Tnoth 7 T nfor. re The airfoil is placed at H/4
Test ettion Te a t section o rol- beneath the aid height.

-idthx \ eht tio ...... It is interesting to point out that the 3D
Nase Type I1olAZ I Cryogenic effects are more restrictive than the non-

CS aIlOv ')trO It o%') tsts linearity limit.
body 0.3 12 0.6/0.97 0 No

CS 3.9.a. Some tests on nonatationary phenomena have
15 .8 29 0.6/0.95 O'AndONO been carried out.

F4 Airplane 0.25 IS 9 0.7 -3/-6 No - The oscillation shock wave on an airfoil

Canard Airplane . .. . .7/o80 o3 PO in buffeting configuration has been
0.70 characterized with pressure and laser

sosyusetric mseaurements.
Cylinder body 3.5 . 57 0.4/0.8 0 No - The buffeting phenomena on a body-wing

Indotrial s:.pt model has been studied with nonstationary
,"id. in 5.7 100 0.8 -2/.3 YES pressure transducers, an accelerometer, a

AS07 W10/bod: 2.0 86 47 .0.6/0.8 -2/-2 Nostrain gauge and optical fibers.

Industrial 3.9.b. No experimental study of real gas effects
-odel -i.siboS 5.6 so 53 078 *i.s/ , YES in cryogenic operation.

3.8.a. gmpty tunnel calibration consists of two 3.9.c. Several series of tests led to the
tests : knowledge of the lateral boundary layer by
- First, a local treatment of tlhe wall means of probing and visualizations. These
pressure allows to smooth some bump tests have been carried out with an
effects near the test section airfoil and a wing-body model, in
(Au = (K,C,).e / 0, ).u This treatment is unadapted and adapted test sections. The
then applied during real tests. deformation of the lateral walls as well
- Secondly, an adaptation of the empty as the suction of the side wall boundary
test section leads to diverge flexible layer and the corner flow around the
wall shapes and zero gradient of velocity airfoil root is also studied.
versus longitudinal direction. This shows
the good accounting of the boundary 3.9.d. Comparisons
layers. - GATEur W007. - CAST 7 airfoil tested in

seven varied facilities. - CAST 10 airfoil
3.8.b. Th h boundary layer noise is approximately - DFVLR ; NASA; ONERA cooperation.

: Z 3e10
"  

in the range 1 Hz to 3.9.e. Simulation of lateral deflections by
q singularity computation (linear 3D) in

20 kHz. , progress.

The turbulence level a 10
"s  

3.10.a. Selected bibliography (Tuttle and Mineck;
U. NASA-T-87639) ONERA/CERT

T2 transonic, cryogenic.
3.8.c. - We have no experience with calibration 80,115,121,123,127,128.130.132,151.165.168

model. 173,174,179,189,190,203,208.212.213.
- We carry out some tests Adaptive wall newsletter

updates

Same airfoil - at id height I Same result on ARCHAMBAUD J.P.Iterative adaptation of the
located In at H/I4 beneath the airfoil; good DOR J.B. 2D walls of the T2 wind
the tet the mid heightJ check of the PAYRY N.J. tunnel around an
section entire adaptation LAMARCHE L. axisymetric CS model with

process. variation of Mach number at
Same airfoil evolution of the lateral effects, zero incidence and one test
Chord 120 with indicence.

150, ONERA/CIRT R.T. OA No
200 m 35/3075 AND - March 1986-
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SERAUDIE A. Report on tests of a CAST
BLANCHARD A. 10 airfoil with fixed
BREIL J.F. transition in the T2 3)

transonic cryogenic wind
tunnel with self adaptive
walls.
ONIRA R.T. OA No 63/1685.

ARCHANBAUD J.P.lnitial testing of the
001 J.B. adaptation of the two
,IGNOSI A. dimensional self-adapting I 

T  . 
.,

LANARCHE L. walls of the French T2 wind lzz po "T n

tunnel around three-
dimensional models.
ONERA R.T. OA No 33/7075 - ST*eZLZZEO WINO TUrNEI. MU'-
September 1905- L

BLANCHARD A. Tests with three- P .Th. UOWe.. ,I 1, "

PAYRY N.J. dimensional adaptation ' 1
BREIL J.F. using the rectangular Fo-.. CC. T*IOe

working section of the
French T2 wind tunnel with
a type AS07 swept wing half P..
model installed.
ONERA R.T. OA No 34/3075 -
November 1985 -

COnnECTION COMPUTAT ION

3.10.b. Nothing 4Nr. OW od. S-IT

3.10.c. Nothing ISTOWAGE ON O1%CI

4.1 No

4.2 Improvements of lateral boundary conditions.

4.3 3D method. Lateral boundary layer accounting.

4.4 It will be useful to carry out some
calibration tests with 3D reference models in
the framework of cooperative program.

4.5 Use of adaptation processes (2D and 3D) for
current studies (see 1.4)

2D

INITIALIZATION

STAaILIZEO WIPO TUNNEL AUN

jOATA.AcGUI51T1oN

P.. T. . Uoo.2 uW*531s

coieviate C7 o.* Pl
M 

(€lc.1cv1t.O*n 2 d)
Pi.ro)t C*og t-tIaN h contr.'. Crf-c.

P-1loct fro, S1reight Control 'll Cft o
n 

2.

Celculate eo-nOaicy 34y.rs ,d

x-c2lI-stsoc * OIfl-t , D o.lot.,

NITER WALL I

P0 
I T I 

Oui 
r !

STo.AG E ON ozc

S,:oic . o .20

,TOP
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G3.4.c. Influence functions by computation

1.1 DFVLR GOTTiNGEN 3.4.d. -

1.2 E.Wedemeyer, DFVLR, Sunsenstrasse 10, 3400 3.4.e. (W, a) are prescribed and determined by
Gttingen flow conditions at nozzle exit

1.3 Rubber Tube Test Section of High Speed Wind 3.4.f.
Tunnel

1.4 Research, Industrial Operation Adjust wall P+AP @@sur* P _,pu1TA P

1.5 Used for Research
3.4.g. Depending on Mach number 1 to 2 iterations

2.1 Vacuum storage blowdown wind tunnel
3.4.h. Fully automatic

2.2 0.8 a diameter, 2.4 a long cylindrical rubber
tube 3.5.a. End of iteration if (ACdv 0.005

2.3 0.2 M _ 0.93 ; 0.4.10'( R% < 10' (f- 0.1 3.S.b. -

3.5.c. Residual interferences not calculated and

2.4.a. Impermeable walls assumed to be negligible.

2.4.b. Wall deformation by 64 Jacks 3.5.d. not applicable

2.5.a. 3-D test; models with sting support 3.5.e. not applicable

2.5.b. Pressure measurement on the model and on 3.6.a. not applicable
the walls by PSI-system and model force
measurement with internal balances. 3.6.b. not applicable

2.5.c. Time for adaptation 2-10 minutes depending 3.7.a. Number of articles tested: 10
on initial wall setting. Time for model
data acquisition ca. 5 seconds. 3.7.b. 1. FFA-Spindle, 3.1 % blockage

2. OMERA-C5, 3.6 % blockage
3.1.a. The cylindrical walls are used as control 3. AGARD Calibration models, 3.5% and 1 %

surface, closure by extrapolation of wall- blockage
data at the entrance-and exit plane of 4. Standard Dynamics Model (non stationary
test section testing)

5. 65" swept Delta wing (VONO), A_/A,=0.16
3.1.b. Wall displacement and wall pressure are 6. ONERA-H3, span / C - 0.67

measured at the stations of the 64 Jacks. 7. 30' swept wing pressure distr. model,
Of 128 pressure taps each two pressures span/VZ, - 0.76
are averaged to give the 64 pressures at 8. Fighter model; A./A, = 0.2.3
the Jack stations. Wall displacement is 9. Fighter model; A,./A, = 0.13
measured by counting the steps of the 64 10. 20" cone-cylinder-model for supersonic
stepping motors and as a check, by testing, 2 % blockage
potentiometers.

A. a Wing planform area
3.1.c. Wall pressures (C, - values) are corrected AT = Tunnel cross section area

by subtracting the corresponding Cp values 0 ( a 1 20- ; 0.4 ( M 0.94
of the straight empty test section.

3.8.a. Empty tunnel was calibrated up to M =0.95
3.2.a. 3-dimensional flow field

3.8.b. Turbulence level not known
3.2.b Variables P - wall pressure, G - wall

displacement 3.8.c. Calibration models used to compare data
with interference free reference data

3.2.c. Numerical evaluation. For subcritical
conditions at the wall linearized flow is 3.8.d. Repeatability was tested
assumed (one step method).

3.8.e. Mach number is lirited to N , 0.95
3.2.d. The output "wall displacement" is because of wavyness of walls

Identical with the control variable "Jack
position" 3.9.a. Dynamic model testing: Wall adapLation

stationary flow. Non stationary wall
3.2.e. IBM 4391, CPU-time: 2 sec. pressure measurements from which dynamic

wall interferences were calculated
3.3.a. Previous test

3.9.b. not applicable
3.3.b. Computation based on wall data

3.9.c. Calibration of empty test section, taking
3.3.c. Wall setting 50 a to compensate boundary into a account b/t displacement

layer growth. thickness. Change of boundary layer due to
model flow was not taken into account and

3.4.a. 0 - wall pressure, P - X * wall is amsumed to be negligible.
displacement

3.9.d. not applicable
3.4.b. Approximations equivalent to Eq. (8) of

reference 3.9.e. not applicable

L ___m m
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3.l0.a.Papers in Bibliography (Tuttle and 3.2.c. Numerical evaluation. For -':btcritical
Nineck): conditions at the wall linearized flow is
No.197.200,201,216,220,221. assumed (one step method)
Adaptive wall Newsletter No.5. page 6.

3.2,d. Residual interferences as function of the
3.I0.b. - slot width

3.10.c. - 3.2.e. IBM 4381, CPU-time: 10 a

4.1 A new planned facility (GAN) is listed in 3.3.a. Closed slots
Questionnaire for DFVLR 2-D test section
(Described in Adapted Wall News letter No.6, 3.3.b. Computation based on wall data
pace 6.)

3.3.c. Constant slot width. Boundary layer
4.2 - compensation by divergent side walls or/and

suction
4.3 -

3.4.8. Not applicable
4.4 -

3.4.b. Not applicable
4.5 Yes

3.4.c. By experiment

3.4.d. Not applicable

3.4.e. (Mand a) are prescribed and determined
1.1 DFVLR GOTTINGEN by flow conditions at nozzle exit

1.2 J. Amecke, DFVLR, Bunsenstrasse 10. 3400 3.4.f. Flow chart see enclosure
Gottingen

3.4.g. 2 to 3 iterations
1.3 Transonic Wind Tunnel Gottingen

3.4.h. Slot adjustment remotely controlled
1.4 Industrial operation, research

3.5.a. Minimum residual interferences
1.5 Industrial operation, research

3.5.b. Not applicable
2.1 Continuous, closed circuit

3.5.c. Minimum am /&x and a /5x in model
2.2 H: 1.0 a; W: 1.0 a; L: 3.1 m center location

2.3 0.5 1 M.. 1 2.0; 0.3* 10' ( ; 3.5.d. Not required for adaptation

3.5.e. Number of iterations not fixed
2.4.a. Horizontal walls with 4 slots, vertical

walls closed 3.6.a. 2-D adaptation for 2-D and 3-D flows

2.4.b. All slots independent adjustable 3.6.b. AM andAa

2.5.a. 3-D tests: sting support 3.7.a. Number of articles tested: 2
2-D and half-model testa: turn-tables in
the aide walls 3.7.b. NACA 0012 profile: and scripl. = 0.2 K!

2.4 % blockage
2.5.b. Pressure measurement on the model, on the NACA 0012 profile: and scripl. = 0.3 a;

walls and in the wake by PSI-system. Force 3.6 % blockage
measurement with 3-D model by internal 0 i a 1 10' ; 0.60 1 N. 1 0.85
balance. Force measurement with half-model
by external balance. Flow field survey by 3.8.a. Empty wind tunnel is calibrated in the
advanced optical systems (Laser Doppler operating range (see 2.3)
etc.)

3.8.b. Flow quality not known
2.5.c. Adaptation: 120 s

data acquisition: 20 m 3.8.c. Comparison with interference free reference
data

3.1.a. The walls are used as control surfaces,
closure by extrapolation of wall data at 3.8.d. Repeatability was tested
the entrance-and exit plane of the test
section 3.8.e. Not known

3.1.b. X - P - slot width (top and bottom wall 3.9.a. None
Independent: 4 slots each)
0 - pressure (top and bottom wall center 3.9.b. Not applicable
line; 32 pressure orifices in 1 row)

3.9.c. Calibration of empty test section, taking
3.1.c. Wall prIessures (C - values) are corrected into account boundary layer displacement

by subtracting the corresponding C, thickness. Change of boundary layer due
values of the straight empty test section to model flow was not taken into account

and is assumed to be negligible
3.2.s. 2-dimmerisonal flow field

3.9.d. Not applicable
3.2b. Mall presure and slot width

3.9.. Not applicable



A-15

3.10.a.- 2.4.s. Solid sidewalls, flexible top and bottom
wall.

3.10.b. DIVLR Report IB 222 - 85 A 32 (1986) 2.4.b. Wall deflection by 9 pairs of Jacks on each
3.10.c. - flexible wall

4.1 - 2.5.a. 3-D teat; models with sting support

4.2 - 2.5.b. Pressure measurement on the model and on
the walls by PSI-system and model force

4.3 Extension for 3-D tests measurement with internal balances.

4.4 Low Speed Wind Tunnel, DFVLR Braunschweig 2.5.c. Time for adaptation 10 minutes. Time for
(NWB) German Dutch Wind Tunnel (DNM) model data acquisition ca. 5 seconds.

4.5 Yes 3.1.a. The flexible walls are used as control
surfaces, closure by extrapolation of wall-
data at the entrance-and exit plane of test
section

Measurement 1 2 3.1.b. Wall displacement is measured at the
stations of the 2 * 9 pairs of Jacks 24

Measurement Wall Closed Slotted Wall wall pressures along centreline of each
flexible wall.

Measurement Wall Pressure Wall Pressure
Quantity Distribution Distribution 3.1.c. Wall pressures (Cp - values) are corrected

by subtracting the corresponding Cp -
values of the straight empty test section.

Input to 3.2.a. 3-dimensional flow field
Computation U9. (V 5 0) US 3.2.b. Variables are wall pressure and wall

Computation of displacement.

Wall Interference u'5 i
_9_ Intefern_ eu_ ,v 3.2.c. Numerical evaluation. For subcritical

Calculation of u
m 
Z u conditions at the wall linearized flow is

Model Induced US- assumed (one step method).

Velocities VM - v4 3.2.d. The output "wall displacement" is identical

Calculation of with the control variable "Jack position"

Wall Induced
Velocity - u" 3.2.e. IBM 4381, CPU-time: 2 sec.

v - Component from 3.3.a. Previous test or straight walls.

Vorticity Model vs, 3.3.b. Computation based on wall data

Superpositon of 3.3.c. Wall setting so as to compensate boundary
Model Induced "A * ' layer growth.Velocity

3.4.a. Method of 2-D adaptation for 3-D flows.
gffective Wall
Contour F H v,. dx 3.4.b not applicable

3.4.c. Influence functions by computation

3.4.d. not applicable

3.4.e. M. a) are prescribed and determined by

flow conditions at nozzle exit

3.4.f.

jAdjust wall: P+&P[ M ...... o p <

1.1 DVVLR GOTTINGSH 0

1.2 I. Wedemeyer, DFVLR, Bunsenstrasme 10, 3400 3.4.g. Depending on Mach number 1 to 2 iterations
GOttingen

3.4.h. Wall adjustment manually.
1.3 2-D adaptive Teat Section of High Speed Wind

Tunnel 3.5.a. End of iteration if (AC. ) 0.005

1.4 Research, Industrial Operation 3.5.b. -

1.5 Used for Research 3.5.c. Residual interference can be calculated on
the basis of wall pressure measurements.

2.1 Vacuum storage blodown wind tunnel 288 pressure orifices are on all four
walls.

2.2 0.67 m* 0.72 e; 2.2 m long
3.5.d. not necessary

2.3 0.5 1 M 1 0.90; 0.4 * 10' 1 Ret , (n

0.1 F ) 3.5.c one step method
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3.6.a. 2-D adaptation for 3-D flows. Residual 1.4 Active
interferences computed by method of Hoist.

2.1 Continuous, open, atmospheric stagnation
3.6.b. no results so far conditions

3.7.a. Number of articles tested: 3 2.2 2D: 150 a* * 150 -a square section, length 690
OR

3.7.b. 1. FFA-Spindle, 3.1 % blockage 3D: Octagonal 225 cm
a 

section, length 830 as
2. 30" swept wing pressure distr. model,
span/ VX/ = 0.76 2.3 2D: N = 0.3 to 0.95
3. Force measurements on blunt missile Re/jg 7.10' to 15.10'
body. 3D: N a 0.3 to 1.3

A, = Tunnel cross section area 2.4.a. Impermeable, flexible
0 ( a ( 20" ; 0.4 N M 4 0.94

2.4.b. Wall deformation
3.8.a. Empty tunnel was calibrated up to N = 0.90

2.5.a. 21): Airfoil model mounted in side wall
3.8.b. Flow quality not known 3D: Model mounted on sting and quadrant

3.8.c. Calibration models used to compare data 2.5.b. Model pressure tapping, sting mounted force
with interference free reference data (see balance, Laser Anemometer
3.7.b)

2.5.c. 2D: for one adaptation:
3.8.d. Repeatability was tested 3D: for one adaptation:

Automatic model data acquisition
3.8.e. not known

3.1.a. 2D: Rectangular at the undeflected wall
3.9.a. none position, extrapolated,

3D: Circular at the mean radius of the
3.9.b. not applicable octagonal test section, extrapolated

3.9.c. Calibration of empty test section, taking 3.1.b. 21): Control variable : wall deflection at
into account bit. displacement thickness, the Jacks (13 Jacks at each wall)
Change of boundary layer due to model flow
was not taken into account and is assumed Control surface variables P,Q : tangential
to be negligible. and normal velocity component (wall

deflection)

3.9.d. not applicable
3D: Control variables: wall deflection at

3.9.e. not applicable the 78 Jacks (10 Jacks at each wall except
top and bottom wall, there 9 Jacks)

3.10.a. DFVLR Report, IS 29112-88 A 03
Control surface variables P.O : tangential

3.10.b. - and normal velocity component (wall
deflection)

3.10.c. -
3.1.c. 2D: Filtering versus time, extrapolation,

4.1 A new planned facility (GAN) described in correction of freestream Nach number
Adapted Wall News letter No. 6, page 6.

3D: Filtering versus time, extrapolation,
4.2 The GAN will be installed into the I a 1 a correction of freestream Mach number,

transonic wind tunnel of the DFVLR G6ttingen interpolation

4.3 uasi wall adaptation by use of variable slots 3.2.a. 2D : 2D
in side walls 3D : 3D, no yaw angle (Symmetric about

vertical axis)
4.4 -

3.2.b. 2D: P - normal velocity component
4.5 - 0 - tangential

3D: P 2 normal velc~ity component
0 2 tangential

3.2.c. 2 (Subcritical) analytical (M N 1)
2D (Supercritical) numerical Full-Potential
code (M ( 1)
3D (Subcritical) numerical Panel-method (N

1.1 TECHNICAL UNIVERSITY OF BERLIN 4 1)
INSTITUT FOR LUFT-UND RAUNFAHRT 3D (Supercritical) numerical Full-Potential

'ARCHSTRASSE 14 code (N ( 1)
1000 BERLIN 10 3D (Supersonic) .umerical, wave relation (M

' 1)
1.2 Prof.Dr. Ing. Uwe Ganzer, Director of

Development 3.2.d. 2D: new wall deflection. new normal
NMeerchitt-BOlkow-Blohm GmbH. velocity component
Poatfach 95 01 09 3D (Subcritical): as 2D but also residual
2103 Hamburg 95 interferences
Germany 3D: a 21)
telephone: (040) 7437-2741
telex: 21950-0 ebb d 3.3.a. 2D)Previous test

3D1

1.3 TUB 2D and TUB 3D
3.3.b. -
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3.8.d. good repeatability
3.3.c.-

3.8.e. dependent on the wall deflection
3.4 Iteration process 20 : 1 20 mm 3D 10 am

3.4.a. 2D P normal velocity 3.9.a. none
30 0 2 tangential

x ^ wall deflection 3.9.b. none

3.4.b. 2D: Scalar relaxation factor 3.9.c. none
3D (Subsonic) : no approximation
30 (Supersonic) ; Scalar relaxation factor 3.9.d. none

3.4.c. 2D -- 3.9.e. Simulation of 2D and 30 sub- and supersonic
3D (Subsonic) computation adaptation, study of optimal convergence

3.4.e. 2D measurement by pressure taps 3.10.a. ZiemannJ. Convergence behaviour that
3D far upstream and correction controls adaptive wind tunnelwalls near the test section

3.4.f. 20 See publications, in the high angle of attack
3D range.

NASA TM-77006, Nov. 1982,
3.4.g. 20 2 to 4 8Opp

30 1 to 4
Ganzer, U. Sidewall effects on airfoil

3.4.h. 20 totally automated Stanewsky,E. tests. ICAS Journal, vol. 22,
3D Ziemann,J. Febr. 1984.

3.5.a. 2D) Convergence of tangential velocity Ganzer,U. Design and operation of TU-
3D component of exterior and interior flow Igeta, Y. Berlin wind tunnel with

Ziemann, J. adaptable walls. ICAS, vol.1,
3.5.b. 2D End of loop if envement of the walls 1984

3D] goes to zero
Ganzer, U. Transonic tests in a wind

3.5.c. 2D Cauchy-Integral, on axis of test section Igeta, Y. tunnel with adapted walls.
30 (Subcritical): Calculated but not used ICAS, vol. 1, 1982.

3.5.d. -- Ganzer, U. Development of a wind tunnel
Igeta, Y. test section with adaptive

3.5.e. Kleemann,E. flexible walls for three-
RebstockR. dimensional flow-final

3.6.a. 2D: Cauchy-Integral, (Mil), 2D test in 2D report.
test section BNFT-FB-W-83-026, Oct. 1983.

3D: Panel method (M1) 3D tests in 3D test
section Ganzer, U. Flexible, adaptive walls for

RebstockR. transonic wind tunnels in the
3.6.b. 2D Check for converfence of the adaptation subsonic and supersonic

3D procedure regions, DGLR Paper 84-108a.

3.7.a. 5 Barg, J. The development of computer

control for application to

3.7.b. 2D: CAST 7, blockage flexible wind tunnel walls.
chord length/test section height:0.67 ILR Mitt. 70, Technical Univ.
M: 0.6 to 0.85 Berlin, 1980.
O 0 to 6*

3D: Body (axisymsetric), blockage 2% body Barg, J. Setup for fast automatic
length/test section length : 0.2 adaptation of flexible wind

channel walls
wing/body, blockage 1.2 % ILR-53, Technical Univ.
wing span/test section width: 0.67 Berlin, 1982
body length/test section length : 0.144
cross wing area/test section cross- Ganzer, U. Wind tunnels with adapted
section : 0.067 walls for reducing wall
M 0.7 to 0.8 interference.
a -31 to 21 Zeitschrift fUr

Flugwissenschaften und
Wing/body/tail, blockage 1.3 % Weltrausforschung, vol. 3,
wing/span/test section width : 0.67 No.2, 1979.
body length/test section length ; 0.175
gross wing area/test section cross- Ganzer, U. Adaptable wind tunnel walls
section : 0.280 for 20 and 3D model tests.
M : 0.7 to 1.2 Proceedings (A81-11601), ICAS
a : -3* to 81 Paper 23-3

3.8.s. Empty tunnel calibrated for effects of Ganzer, U. On the use of adaptive walls
boundary-layer thickness for transonic wind tunnel

testing.
3.8.b. Flow quality : AN - 0.002, Aa - 0.1". AGARD-CP-335 (N 83-20957)

turbulence level T - 0.8 % 1 = 0.8 %
Ganzer, U. The technology of adaptive

3.8.c. none wind tunnel walls. 3 BNFT
Statusseminar, Hamburg, Nay
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2-4, 1963 iaLY

Ganzer ,U. A short note on recent 1.1 ISTITUTO DI AZRODINANICA "UNBERTO NOBILE -
advances in the adaptive wall FACOLTA' DI INGIGNERIA - UNIVKRSITA' DIGLI
technique for 3D-model tests STUDI DI NAPOLI - NAPOLI - ITALIA
at the TU-Berlin.
AGARD-CP-348, Febr. 1984, 1.2 Giuseppe P. Russo
Paper No.GA Associate Professor

Chair of Experimental Gasdynamics
Ganzar, U A review of adaptive wall Istituto di Aerodinanica "Umberto Nobile"

wind tunnel. Progress in Piazzale Tecchio 80
Aerospace Sciences, vol. 22, 80125. Napoli
Pergason Press, 1985 Italia

3.10.b. none Tf. 39-81-768-3360
Tx. 722392 INGENA (1)

3.10.c. none Fax 39-81-6320"

4.1 none 1.3 Adaptive Walls Wind Tunnel (AII4T)

4.2 none 1.4 Research, pilot wind tunnel

4.3 none 1.5 Adaptation is still manually operated; an
automated data acquisition and control system

4.4 none is in preparation

4.5 Routine operational testing. 2.1 Continuous, open return, indraft wind tunnel

2.2 0.2a * 0.2a* In

2.3 Mach number is continuously variable from 0 to
0.55; maximum unit Reynolds number Is 10 m'

2.4.a. Impermeable walls

2.4.b. Wall deformation (2*16 Jacks)

2.5.a. 2D test; model supported between windows

2.5.b. 2 16 pressure and displacements are
measured on the walls and 30 pressures on
the model; total and static pressures of
the free stream are measured upstream of
the model.

3.2.e. IBM Personal System 2/60

3.10.b. G.P. Russo-. Basciani: "Design,
Calibration and Preliminary Tests of a
Pilot Flexible-Walled Adaptive Wind Tunnel"
- Presented at the IX Congresso Nazionale
della Associazione Italians di Aeronautics
ed Astronautics - Palermo, 26 - 29 Ottobre,
1987.

4.1 By the end of 1988 a personal computer
controlled data acquisition and control system
will be readied. Preliminary tests will be
performed on a MACA 0012 airfoil. Work is in
progress in order to test the effectiveness of
software found In the open literature i.e.
FLIEXALL by Everhart and Goodyer and Wolf's
approach to wall adaptation. The ONERA
computer program is not yet available.
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UEPUBLI Q Ilh 3.5.c. -

1.1 NPU. XIAI, CHINA 3. 5.d. -

1.2 Prof.He, Jia Ju Northwestern Polytechnical 3. 5.ea. -
University. Xian, China

3.6.a. 2D adaptation for 2D teats; 2D adaptation
1.3 NPU Adaptive Wall Wind Tunnel for 3D teats

1.4 Research 3.6.b. -

1.5 Moat racent use: Sept. 1988 3.7.a. 3 articles tested

2.1 Continuous. blowdown 3.7.b. 2D:1. Cylinder model (13,7 % blockage),
2.NACA 0012 airfoil I £= 20 cm)

2.2 b - 23.8 cm, h - 25.6 ca 3D:wing-body pressure model.

2.3 low speed. U (45 s/sec, 3.8.a. empty tunnel calibration
Re/m 3*10' /a

3.8.b. uniformity of velocity
2.4.a. 2 flexible. 2 solid walls

3.8.c. none
2.4.b. wall deformation

3.8.d. unknown
2.5.a. 2D and 3D teats; sting mounted models

3.8.e. unknown
2.5.b. one row of pressure tape on each flexwall

3.9.a. none
2.S.c. 30 sin for adaptation. 10 min for model

data acquisition 3.9.b. none

3.1.a. Upper and lower wall and upstream-and 3.9. c. none
downstream cross section

3.9.d. Relation to unadapted results and
3.1.b. 21 pressure tape and 21 screwjacks per interference free data of 1.5 * tunnel

flex, wall
3.9-e. none

3.1 .c. extrapolation
3.10.0. Adaptive Wall Newsletter Nr.5

3.2.0. 20 iterative and 20 adaptation for 3D
flows. (elimination of interferences at 3.10. b. AIAA 88-2040 and references in AIMA 88-2040
tunnel centreline)

3.10.c. Goodyer, Southapton ; Kilgore, Wolf, NASA
3.2.b. 2D: P - wall displacement. 0 =wall Langley; Ganzer, TI) Berlin

pressure
4.1 2D flex, wall test section in low turbulence

3.2.c. numeical, low speed wind tunnel (TU 4.05%) 1 a * 0.4 a, V =75

s/sec. 1989 finished.
3.2.d. wall displac eme nt P - X

4.2 0.3 a * 0.3 a high speed tunnel adapt. test
3.2.e. IBM, PC/XT : 3 sin cpu-time section designed.

3.3.a. straight wall or previous teat 4.3 Improvement of methods

3.3.b. Input f roe meamured wall premsure and wall 4.4 -
displacement

4.5 -
3.3.c. solid walls

3.4.. P -X . wall displacement. Q - wall
pressure

3.4.b. linearization

3.4.c. computed Influence function

3.4.d. relaxation factor 4 0.5

3.4... prescription of free stream velocity and
angle of attack

3.4.f. usual iterative procedure

3.4.Z. 2-3 iterationm for 2D adapt, for 30 flow:
one step

3.4.h. no automation

3.5.a. wall displacement 4 0.4 me

3.5.b.-
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UNI KIM 3.1.c. No pre-processing.

1.1 DEPARTMENT OF AERONAUTICS AND ASTRONAUTICS, 3.2.a. 2D for 2D models. 2D in the flow component
THE UNIVERSITY. at right angles to the leading edge of the
SOUTHAMPI. S09 SNH swept wing.
HAMPSHIRE, ENGLAND 3.2.b. P: static pressure at most Jack position on

1.2 Dr. Michael Goodyer, the flexible walls.
Reader in Experimental Aerodynamics, Q: Positions of the Jacks.
(above address)
Phone (44) (0) 703 559122 X 2374/2324 3.2.c. Analytical, H < 1 subcritical.
Telex 47661 Output includes next required wall shapes
Fax (44) (0) 703 671778 (Jack settings, variables 0 and X) and

associated exterior velocity distributions,
1.3 Low speed self-streamlining tunnel also estimates of the quality of the

current "streamlining".
1.4 The development of adaptive wall test

techniques 3.2.d. In the earliest days on an unknown HP
around 1 hour per iteration, up to 10

1.5 Operational, with swept wing panel, iterations per streamlining. Now 10 seconds
per iteration using DEC PDP 11-84, 2

2.1 Continuous. open return, fan driven, iterations per streamlining.

2.2 Rectangular in cross-section, 30.48 ca wide* 3.3.a. Either (i) Straight walls with empty test
nominal 15.24 cm deep. The length of top and section, or (ii) Any convenient set of
bottom walls controlled by Jacks is 127.3 cm. curved walls over which the imaginary side

velocity or pressure distributions are
2.3 Low speed (Mach 0.1). Speed 33./s. Chord known.

Reynolds number about 290,000.
3.3.b. Potential flow predictive using wall

2.4.a. All walls are impermeable, shapes, velocity distributions of both
sides. No model input.

2.4.b. Deformation of top and bottom walls.
3.3.c. Not applicable.

2.5.a. Initial tests were 2D with models supported
from the sidealls. Current tests are 3D 3.4.a. Pressure at Jack, Jack displacement from
with a swept wing panel of constant chord the straight, P and 0 respectively.
supported from the sidewalls. Displacement is also X.

2.5.b. Models: pressure distributions, wake 3.4.b. No comment.
surveys.
Walls: longitudinal pressure and shape 3.4.c. Experiments and computations.
distributions of the flexible top and
bottom walls. Some sidewall pressure 3.4.d. No comment.
measurements.

3.4.e. No corrections are made: the values
2.5.c. Initially (in 1973) very slow for existing during the test are not modified.

adaptation, around I week because of manual
operation, the absence of a predictive wall 3.4.f. Enclosed separately.
setting strategy and the use of a remotely
situated terminal to an old computer, 3.4.g. 2.
although model data acquisition was
relatively quick: as long am it took to 3.4.h. No automation aside from the processing of
write down the readings of a bank of data by computer.
manometer tubes. Latterly adaptation with
this manually operated operated test 3.5.a. Not used.
section is taking less than I day still
using a remote but modern computer and a 3.5.b. Not used.
predictive wall setting strategy.

3.5.c. Residuals are computed from the vorticity
3.1.a. The entire length of the flexible walls of existing in the walls after the

the test section (dimensions in Q2.2) are streamlining process is terminated, using
used as control surfaces. Sidewalls are potential flow theory to give two
flat. The wall adjustment algorithm components of wall-induced interference.
assumes straight extensions of the walls Calculated along the complete centreline of
upstream and downstream, the test section, although only the model

region is of any real interest.
3.1.b. Up to 18 Jacks position each flexible wall

but nearer 16 (depending on the stage of 3.5.d. Not used in iterating.
development of the test section, which has
been used periodically for is years) are 3.5.e. Typically 2 in this tunnel. Experience has
used In the adaptation process to control shown that attempts at further streamlining
the Q and X variables. Similarly up to 16 do not result in significant sustained
wall static pressure tmppings (one at each improvements in quality as Judged by the
Jack) provide P. All are independent except residuals.
as coupled by aerodynamics, lminary and
real, and the structural stiffnesses of the 3.6.8. See 3.5.c. Method is applicable only to
flexible walls. Accuracy is not good: wall incompressible speeds and untapered
pressure coefficient resolution is about serofoil sections. Variations In the
0.01 and movement of a Jack is uncertain to thicknesses of the boundary layers on the
about 0.15 sm. two flexible walls may be taken Into

account. No allowance is made for
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variations in the states of the sidewall (ii) N.J. Goodyer. "Flexible-wall wind
boundary layers. tunnels". April 1973, an expansion of

3.10.c (1) which mention, the NPL work and
3.6.b. Residuals are usually so small that includes the suggestion that any new tunnel

corrections to model performance data are should first explore 2D testing.
meaningless In relation to other (iii) P.R. Rubbert. Notes on adaptive walls
measurements such as a. dated 4 September 1973 to Dr. Goodyer with

copies in the lTB Library at NASA LRC.
3.7.a. 3 models.

4. No comment.
3.7.b. 2D.(i) High blockage (30 1 nominal with

straight walls circular cylinder. WINO TuNE.t COMnIT(
(1i) Aerofoil section NACA 0015-64 blockage
9.7 1 with straight walls, chord: height CC-t I

0.645 . N = 0.1 a = 0 and 10 degrees. The
photograph on page 139 of reference (1) in
3.10.b shows this model and tunnel. ADJST THE MODtL
(iII) Aerofoil section NACA 0012-64
blockage 10.8 % and chord: height 0.9 .M =
0.1 . a range -6 degrees to + 12 degrees. A0JUST tK1 IUNNEL

WALLS TO KNOWNCON TOURS
3D. MACA 0012-64 section at 

right angles to

the leading edge, swept at 40 degrees,
Nominal blockage is 10.8 %. Chord: nominal
height is 1.17 streswise. N = 0.1 . Span =

test section width, Ratio of streawise
chord to test section length is 0.196

hegh 
is11itemie H-01.SaPlanfors to test section area ratio is MEASURE1.7 Hc 01 PESSURES

1.17. Mach 0.1. a range -2 to 12 degrees.

3.8.a. Walls streamlined empty to give zero OPERATOR LNK

pressure coefficients at all Jack pressure TUNN
tappings (to C tolerance 0.01) along both
flexible walls. This accounts to a first
order for the development of the boundary
layers along the four walls.

COMPTE NEW

3.8.b. Not measured. s_- NA OURS

3.8.c. Aerofoll model was calibrated at duplicated CON JiS
Nach and Reynolds numbers and zero urlw I

sweepback by NASA LRC in their Low OP -L'.
Turbulence Pressure Tunnel at a blockage of

0.7 .

3.8.d. No comment. OPEo0 LINK No WALLS YES

3.8.e. M: not applicable to this tunnel.

a. size limits: not yet determined. (" STAAT NEXT OfVAIO INK

3.9.a. Curved and streamlined walls have been used A YCLOL O AA

to simulate steady pitching of an aerofoil I IS VALID

(reference 66). SELF STREAMLINING WIND TUNNEL MANUAL OPTEATING PROCEU E

3.9.b. Not applicable.

3.9.c. See 3.6.a and 3.8.a.

3.9.d. Depending on the blockage and perhaps 1.1 DEPARTMENT OF AERONAUTICS AND ASTRONAUTICS.
more so on the lift the effects can be THE UNIVERSITY,
profound when comparing straight wall data SOUTHAMPTON, S09 SNH
with streamlined. HAMPSHIRE, ENGLAND

3.9.e. The Influence on the flow at the position 1.2 Dr. Michael Goodyer,
of the model arising from an error in Reader in Experimental Aerodynamics,
setting the displacement of a wall Jack has (above address)
been analysed. Phone (44) (0) 703 559122 X2374/2324

Telex 47661
3.10.a. 33,38,47,62,66,75,86,95. Fax (44) (0) 703 671778

3.10.b. (i) D. Beals and W.R. Corlies. "The wind 1.3 Prototype ceascade-blade flexible walled wind
Tunnels of NASA." NASA SP-440, 1981. tunnel
(Ii) N.J. Goodyer. "A swept wing panel in a
low speed flexible walled test section". 1.4 The development of adaptive wall test
March 1987. To be published as a NASA CR. techniques.

3.10.c. (1) .J. Goodyer. "Self-adapting flexible 1.5 Dismantled.
test-section walls". 14 July 1972.

Witnessed notes on the principles of 2.1 Continuous, fan driven, open return.
adaptive walls, made while working at NASA
Langley Research Center, Hampton Virginia. 2.2 Rectangular. 76.2 mm in the spaenwime

direction, by 55.9 sm.
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2.3 Mach 0.1 typical. 33 a/s. Chord Reynolds differences between pressures measured at
number 232.000. opposite sides (as defined in 3.3.b) of the

test section.
2.4.a. All walls are iapermeable.

3.4.c. The constants of proportionality for 3.4.b.
2.4.b. Wall deformation. were determined independently for each Jack

using the most recent experience at the

2.5.a. 2D testing of a single untwisted constant- Jack during the iterative process.
chord highly cambered turbine blade model
mounted between flat rigid sidewalls, 3.4.d. Not used.
reproducing cascade flow.

3.4.e. No corrections are made: the values
2.5.b. Model surface pressures. Stresawise existing during the test are not modified.

distributions of static pressures along
both flexible walls. Positions of walls. 3.4.f. Not avaliable.
Flow deflection from measured streastube
boundaries after streamlining. Reference 3.4.g. About 13.
speed from pitot-static measurements
approximately two chords upstream of 3.4.h. No automation.
leading edge of model.

3.5.a. Iterations were stopped when the average
2.5.c. About 6 working days. Slow because this was modulus of the differences in Cp measured

a manually operated tunnel using an on opposite sides (12 points per side) of
undeveloped streamlining algorithm, the test section appeared to reach a

minimum. The limited experience with this
3.1.a. The flexible walls were highly casbered, tunnel showed this modulus to be about 0.05

extending approximately 2 chords upstream which was 10 % of the value existing at the
of the model and 1.5 chords downstream. The beginning of the streamlining cycle. 0.05
model chord was 10.16 ca and the span 7.62 is high compared with values attainable
ca. The depth of the test section after with normal flexible-walled tunnels which
streamlining was one blade pitch (55.9 m) simulate unconfined flows but should be
measured in the plane of the leading edges viewed in context with the r's existing
of the simulated cascade. after streamlining. Along both walls of the

cascade tunnel these were: 0 at inlet, peak
-1.b. Wall shapes were controlled by 14 screw suction Cp = -2, outlet Cp - -1.7.

Jacks on the wall passing the suction
surface of the model and 12 screw Jacks on 3.5.b. See 3.4.c.
the wall passing the pressure surface.
These provide 0 and X variables. Wall 3.5.c. Not used.
static pressures, measured near each Jack,
provide the P variables. All are 3.5.d. Surface pressure distribution.
independent except as coupled by
aerodynamics and the stiffness of the 3.5.e. No comment.
flexible walls. Accuracy was not good: wall
pressure coefficient resolution was about 3.6 Not estimated in these tests.
0.01 and movement of a Jack uncertain to
about 0.15 -. 3.7.a. One model.

3.1.c. The Jacks and wall pressure tappings were 3.7.b. Large scale 2D plastic model of untwisted
irregularly spaced Introducing the need to turbine blade supplied for these tests by
interpolate measurements to allow pressure the British National Gas Turbine
matching at appropriate points around the gotablishment. Blockage 27 %, spanning the
flexible walls. No filtering or test section. Chord: height 1.82, Mach 0.1.
extrapolation. Incidence was zero relative to the leading

edge, 41.6 degrees relative to the mean
3.2 There is no external flowfield to be chord line (this is the stagger angle).

calculated. The streamlining criterion to be Flow turning angle was 71 degrees.
used in cascade flow is quite different from
unconfined flow. 3.8.a. Not applicable.

3.3.a. Initially the walls are set very 3.8.b. Not measured.
approximately to streamlines.

3.8.c. Not available.
3.3.b. All tunnel runs are with the model present,

but no assumptions are made about model 3.8.d. No comment.
behaviour. The computations which follow a
run are mostly geometric and Interpolative 3.8.e. No comment
in order to provide information allowing
the tunnel operator to manoeuvre the walls 3.9.a. None.
towards streamlines, that is to the
condition where the same Cp exists at 3.9.b. Not applicable.
appropriate opposite points (in the plane
of the cascade) across the test section: 3.9.c. Allowances were made for the variations of
the cyclic property of cascade flows, the boundary layer displacement thicknesses

along the two flexible walls, using their
3.3.c. Not applicable, pressure distributions (nominally the sam

after streamlining) for the computations.
3.4.a. Pressure along the flexible walls is P;

wall position is 0 and X. 3.9.d. Not applicable.

3.4.b. A predictive algorithm was not available. 3.9.e. None.
Wall movement was made proportional to the
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3.10.&.30,38,66. In 3D testing: Slower than 2D. Breakdown of
one typical iteration is:

3.10.b. None. computations about 3 minutes. Jack movement
20 seconds, pressure scan and force

3.10.c. None. mmasurement 20 seconds. 3 to 4 iterations
are required typically at around Mach 0.7

4. None
3.1.a. Almost the entire lengths of the flexible

walls of the test section (dimensions in
Q2.2) are used as control surfaces.
Sidewalls are flat. The various wall
adJustment strategies developed for this

1.1 DEPARTMENT OF AERONAUTICS AND ASTRONAUTICS, tunnel assume straight extensions of the
THE UNIVERSITY, walls upstream and downstream, varying
SOUTHAPTON. S09 SNH between algorithms from 6 inches to
HAMPSHIR, ENGLAND infinity.

1.2 Dr. Michael Goodyer, 3.1.b. 20 Jacks are used for positioning each
Reader in External Aerodynamics, flexible wall but only the upstream 19 are
(above address) used in the adaptation process to control

Phone (4) (0) 703 559122 X2374/2324 the 0 and X variables. Similarly the wall
Telex 47661 static pressure tappings provide P. All are
Fax (44) (0) 703 671778 independent except as coupled by

aerodynamics, imaginary and real, and the
1.3 Transonic Self-streamlining Wind Tunnel TSWT. structural stiffnesaea of the flexible

walls. Wall pressure resolution is about

1.4 The development of adaptive wall test 0.3 an. Hg and movement of a Jack is

techniques. uncertain to about 0.13 ae.

1.5 Operational for 2D and 3D testing. 3.1.c. Measured wall pressure data is extrapolated
downstream along the extensions. Some codes

2.1 Intermittent, closed return, induced flow, require wall data to be interpolated
atmospheric stagnation conditions, between measuring points.

2.2 Rectangular in cross-section, 15.24 cm wide by 3.2.a. 2D for 2D models. Several codes have been
a nominal 15.24 ca deep. The length of the top developed and cross-checked. Two codes are

and bottom walls controlled by jacks is 111.8 under development/use 3D testing:
co. (i) U. of S. method. To simplify

computations the external flowfield which

2.3 Subeonic/transonic/supersonic to about Mach completely surrounds the test section is
1.8. Chord Reynolds number up to about 2 partitioned in such a way that the
millions. exterior flow is entirely two-dimensional.

Singularities are avoided which would

2.4.a. All walls are impermeable, otherwise exist along the four corners of
the velocities, also all three interference

2.4.b. Deformation of top and bottom walls, velocity components arising from the
loadings on all partitions. Applicable to

2.5.s. 2D: models span the test section and are straight or curved walls.
supported from the sidewalls. (ii) Ashill and Weeks' 3D interference
3D: half models are mounted on one assessment method is being used as a check
sidewall. Full models are sting mounted, for the straight-wall cases and is being

extended to cope with curved walls. The
2.5.b. Models: varied, including pressure method involves no explicit external

distributions (to transducer through flowfield computation.
Scanivalve). wake surveys, six component
force balance for sting mounting. 3.2.b. P: static pressure at 19 Jack positions on
Walls: longitudinal and transverse pressure each of the two flexible walls. 0:
distributions of the flexible top and positions of these Jacks.
bottos walls, and one sidewall (to
transducers through Scanivalve) giving 3.2.c. Varied, analytic, numerical and mixed.
about 300 pressure inputs. Contours of the 2D tests:
two flexible walls. Flow angles for (i) Analytic linearised one-step for the
measurement of influence coefficients from exterior flows and also the selection of
CIA High Sensitivity Yawmter. new wall contours. M 4 1. F1eX VlU

subcritical, test section can contain
2.5 c. In 2D testing: Using our predictive wall supercritical flow. CPU time per iteration

setting strategy (generally satisfactory up 3 seconds with our strategy 1 and 6 seconds
to Hach 0.85) about 2 minutes for one with strategy 2.
streamlining cycle of three iterations,
which is typical number of iterations when (ii) Numerical TSP code for exterior flows.
the delta (a or M) is typical for a sweep. M 4 1. fex Ung And an teriE [12x [1o
Slowest process is Jack movement, followed all say be supercritical. Uses analytic
by time to scan pressures. Time for method for selecting new wall contours. CPU
acquisition of model data is short, typical time per iteration 6 to 12 minutes at up to
of modern data logging, and is included in about Mach 0.8 sometimes rising to as much
above times as we monitor model behaviour as 25 minutes at Mach 0.95.
during every iteration. Breakdown of
typical time for one iteration: Jack 3D tests:
move t 20 seconds, pressure scan 10 (i) U. of S. method. Analytic, linearised,
seconds. measure tunnel reference subcritical walls. All components of
conditions 6 seconds, computation 4 exterior flow are two-dimensional.
seconds.
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(Ii) Ashill and Weeks' method. Linearised velocity perturbations normalised with
subcritical flow. CPU time 60 second for respect to the free stream velocity
the targetted line only. are, for 2D testing at the chord line and

for 3D testing at the line targetted for
3.2.d Output includes the next required wall zero perturbation, at about Mach 0.7,

shapes (Jack settings, variables 0 and X) streawise perturbation 0.001 to 0.002
and associated exterior velocity vertical (upwash) component 0.001
distributions if required, also estimates Typically these perturbations convert to
of the current "streamlining". errors in C, of less than 0.008, a ( 0.015

degrees and induced camber ( 0.07 degrees.
3.2.e. DEC PDP 11-84. CPU times in 3.2.c. In 30 testing away from the targetted line

Operating system is RT-11. the maximum perturbation is in the upwash,
typically peaking at 0.01.

3.3.a. Either (i) Aerodynamically straight walls
(determined with empty test section), or 3.5.d. Not used in iterating.
(1i) Any convenient set of walls curved
away from (i) over which the imaginary-side 3.5.e. Not fixed. Typically 3 in this tunnel at
velocities or pressure distributions are speeds up to one wall (one of the flexible
known or say be computed. pair in 2D testing, any wall in 3D)

becoming sonic. Experience has shown that
3.3.b. See 3.2.c. The streamlining process does attempts at further streamlining do not

not require any model inputs, result in consistently sustained
improvements in quality as Judged by the

3.3.c. Not applicable. Straight walls residuals or E.

3.4.a. Wall pressures, Jack displacement from the 3.6.a. See 3.5.c. M < 1. In 2D testz the
aerodynamically straight, P and Q variations in the thicknesses of the
respectively. Displacement is also X. boundary layers on the two flexible walls

may be taken into account. No allowance is
3.4.b. No comment. made for variations in the states of the

sidewall boundary layers at present. No
3.4.c. Computations and experiments. Bibliography boundary layer effects are included in 3D

item 218 and reference (iv) below testing aside from the growth in the empty
respectively. test section.

3.4.d. Our first 2D predictive strategy (strategy 3.6.b. For 2D tests the residuals are usually so
1) uses empirically determined factors to small that corrections to model performance
allow for the effects of aerodynamic data are meaningless in relation to other
coupling between the two flexible walls, measurement errors such as in a. Output is
and other factors to scale the wall in the form 4a, SN . a/ax converted to an
movements demanded by the algorithm to induced camber.
encourage more rapid convergence to For 3D tests the residuals are presented as
streamlines. contour plots for each of the three

components of wall-induced perturbation.
3.4.e. No corrections are made: the values Corrections for the residuals are not made

existing during the test are not modified, at present.

3.4.f. Enclosed separately. 3.7.a. Six models plus yawmeter and wake traverse
probe.

3.4.g. Average about 1.5 in 2D testing with a well
designed test programse. 3.7.b. 2D
Average about 3.5 in 3D testing to date. (i) Aerofoil section NACA 0012-64. With

straight walls, blockage 8 %, chord: height
3.4.h. Fully automatic. 0.67. Speed range from low subsonic to Mach

0.96. a range -4 to + 6 degrees.

used in 20 testing for 15 years at (i) Aerofoil section NPL 9510. With

Southampton Is based on a measure of the straight walls, blockage 11 , chord:height
pressure imbalance across a flexible wall 1.0. Speed range from low subsonic to Mach
determined In the following way. The 0.87. a range 0 to 6 degrees.
measure, g. is the average of the modulus
of the pressure imbalances (the imbalance (iII) Aerofoil section CAST 7. With
Is between the real and imaginary straight walls, blockage 8 2, chord: height
components of the flow either side of a 0.67. Speed range from low subsonic to Mach
wall and is expressed as a pressure 0.82. a range -2 to +3.5 degrees.
coefficient) existing at the Jacks along
one wall. I in determined separately for 3D
each flexible wall. (i) Sidewall mounted aspect ratio 2 cropped

delta wing. Ratio of tip chord to root
3.S.b. Not used. chord 0.143. Leading edge sweep 56 degrees.

Zero trailing edge sweep. Straight wall
3.5.c. Residuals are computed from the vorticity blockage 4.1 2 . Ratio of semi-span to

existing In the walls (and partitions when width of test section 0.56. Ratio of root
invoked) after the streamlining process is chord to length of test section is 0.14.
terminated, using linearised theory to Ratio of planform area to test section flog
give two or three coeponents of wall- area is 0.34. Mach range 0.3 to 0.9. a
induced Interference. Theme can be range -11 to + 10.4 degrees.
calculated for any region of the test
Soction, although only the model region Is (Ii) Sidewall mounted aspect ratio 2.64
of any real Interest. Streamlining ceases swept wing. Ratio of tip chord to root
when the residuals are nominally zero. chord 0.38. Leading edge sweep 49 degrees.
Typical levels of residual wall-induced Trailing edge sweep 27 degrees. Straight
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wall blockage 3.4 %. Ratio of sesi-span to Flexible Walled Adaptive Wind Tunnel. A
width of test section 0.67. Ratio of root detailed Description of the first One-Step
chord to length of test section is 0.091. Method." Southampton University Memo AASU
Ratio of planform area to test section flow 85/12 January 1986. To be published as a
area is 0.28. Mach range 0.6 to 0.9 . a NASA CR.
range -8 to + 10 degrees. (ii) Lewis, N.C. "Empty Test Section

Streamlining of the Transonic Self-
(Iii) Sting-mounted aspect ratio 3.2 wing- streamlining Wind Tunnel fitted with New
body force model. Straight wall blockage Walls." Southampton University Memo AASU
2.6 %. Ratio of wing span to width of test 86/10, June 1986. To be published as a NASA
section is 0.214. Mach range 0.3 to 0.7. a CR.
range -1 to + 9 degrees. (iii) Lewis, M.C. "An evaluation in a

Modern Wind Tunnel of the Transonic

3.8,a. Walls are streamlined empty to give zero Adaptive Wall Adjustment Strategy Developed
pressure coefficients at all Jack by NPL in the 1940's." Southampton
centreline pressure tappings (to an University Memo E.AASU 86/11. December
indicated C standard deviation of less 1986. To published as a NASA CR.
than 0.003) along both flexible walls. This (iv) Neal, G. "The experimental
accounts to a first order for the verification of the wall movement influence
development of the boundary layers along coefficients for an adaptive walled test

the four walls. The three estimated wall- section." Southampton University Memo AASU
induced non-dimensional perturbation 87/4, March 1987. To be published as a NASA
components at the model position when thus CR.
streamlined but empty are typically (v) Lewis, M.C. "The Status of Three-
0.001. Dimensional Testing in the Transonic Self-

Streamlining Wind Tunnel at the University

3.8.b. The turbulence level measured in a very of Southampton." Southampton University

similar NPL tunnel to TSWT was typically Memo AASU 87/11. July 1987.

0.3 . (vi) Lewis, M.C. "Aerofoil Testing in a

Self-stremlining Flexible-walled Wind
3.8.c. All 2D aerofoil models were tested at Tunnel." Ph.D. Thesis, University of

duplicated Mach and Reynolds numbers in at Southampton, July 1987.
least one other tunnel providing other
sources of performance information, but 4.1 None.
whether these can be regarded as providing
sources of reliable calibration data is 4.2 None.
questionable. Only 3D model (iii) has been
calibrated, in the NASA 7X10 foot High 4.3 Continuous. Main emphasis is on 3D testing in
Speed Tunnel at Langley Research Center at this 2D tunnel and 2D testing in the Mach
duplicated Mach and Reynolds numbers, range 1 to 1.2

3.8.d. A number of tests of a 20 model In TSMT 4.4 None
using several streamlining algorithms, from WN 'L'N I COFT~ f
the first NPL algorithm to the most modern, 4.5 none.
have shown excellent repeatability and
uniqueness of solution (reference (iii) ;,A.I 'u ., t I

below). Tests on half-wing (i) of 3.7.b.
have shown a repeatability of about 0.002
in wall-induced non-dimensional AV11V .,
perturbations. 

1l i

3.8.e. The practical limits of Jack movement have JACK CONTROL oA coro.,S O

been reached in 2D tests at high a and M. WALLS

The fundamental limits have not been
explored.

3.9.a. None. 
0.

3.9.b. Not applicable. S_ CAN NAMO CONTROL

3.9.c. See 3.6.a. and 3.8.a. In 20 tests at N M I .
0.85 the effects of variations in flexible o X StL y
wall boundary layer thicknesses between the

empty test section case and a model test
have been shown to be insignificant in

terms of model performance.

3.9.d. Information for 2D tests is in citations MCI C11 1...

33,38,62,95,114,125,133,149,178,188 of the Loop WALLS

bibliography plus references (iII) and (iv)
below.

3.9.e. Computations of Jack-movement influence
coefficients (Bibliography item) backed by ort. r, --

experimental verification, ref. (iv) below. s

3.l0.a.Citations 62,66,75.86,90,95,104,114,125, OUNUTtA0NIL
133,138,143,145,146,149,153,178,187,188,217 I
218. INAT

3.10.b.(i) Ooodyer, M.J. "Predictive Wall

Adjustment Strategy for Two-Dimensional StO SRIA.AWING WIND TP*ANLL AtUIOlLAC OIRATNO PROaDCtu
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1.1 NATIONAL PHYSICAL LABORATORY, TEDDINGTON, 3.3.a. Not relevant.
MIDDLESEX, ENGLAND DEPARTMENT OF SCIENTIFIC
AND INDUSTRIAL RESEARCH. 3.3.b. Walls set 60 % of way from "straight" to

constant pressure. No model inputs used.
1.2 Dr. H.J. Goodyer, Reader in Experimental

Aerodynamics. Department of Aeronautics and 3.3.c. Allowance for BL growth on all 4 walls by
Astronautics, University of Southampton, divergence of flexible walls.
Southampton so9 5NH.

3.4.a. See 3.1.b.
1.3 5 In * 2 in High Speed Wind Tunnel,

Aerodynamics Division, NPL. 3.4.b. No comment.

1.4 Prototype adaptive wall tunnel, used to 3.4.c. The human being quickly learned to respond
develop the technique. Some 2D aerofoil and )in magnitude and direction to the changes
testing. 3.4.d.J in wall setting required to achieve

constant pressures.
1.5 Inactive. Tunnel dismantled.

3.4.e. From total head (N) and static pressure (p)
2.1 Dry air injector driven. Intermittent, but up at a position on the sidewall 2 chords

to several minutes run time. Open circuit. upstream of a 5.1 cm chord aerofoil model.

2.2 5 in * 2 in nominal (12.7 cm * 5.1 cm), 3.4.f. Not available.
rectangular. Length about 10 in (0.25 m).

3.4.g. One iteration at all times.
2.3 Normal operation up to choking speed with 2D

model (say N - 0.93) giving Re - 0.75*10' 3.4.h. No automation.
(max) based on 2 in (5.1 cm) aerofoil chord.
Has been run supersonic. 3.5.a. The control surface shape was based on

achieving constant pressure walls to within
2.4 Control of speed through pressure of air in 0.05 in (1.3 ma) Hg. Stagnation pressure

chamber around fixed blowing slot. was I atmosphere.

2.4.a. Rigid sidewalls. Flexible wall 0.015 in. 3.5.b. Not relevant.
(0.38 m) thick formed the narrower walls.
All walls impermeable. 3.5.c. Not calculated.

2.4.b. Wall deformations, via screw jacks (6 on 3.5.d. Model measurements not used.
each wall at 1* in. (3.8 cm) spacing).
These penetrated the outer wall of tunnel 3.5.e. One. See 2.5.c.
and were hand-operated.

3.6 Not attempted.
2.5.a. 2D Aerofoil Sections. Pressure plotting

models normally. Generally aerofoils bad up 3.7 Several aerofoils including MACA 0020,
to 2 in. (5.1 cm) chord and spanned the 2 Joukowski sections. Blockage up to 4.8 %.
in (5.1 cm) dimension. No boundary layer
diversions, suction slots or end plates, on 3.8.a. Heasurements of static pressures along the
side-walls. centrelines of the flexible walls and on

the sidewalls in the plane of symmetry
2.5.b. Models, see 2.5.a. Wall pressures measured showed good Mach number distributions up to

along central line of both flexible walls Mach 0.95, test section empty.
over full length of tunnel. Wake traverse
apparatus downstream of model. Hence the 3.8.b. No information.
normal practice for 2D models was to
determine drag from wake traverses; lift 3.8.c. None.
from pressure integration.

3.8.d. No information.
2.5.c. Not known.

3.8.e. Tests are reported to
3.1.a. Wall shape via micrometer settings on N = 0.93 on 4.82 blockage aerofoll at 0=O

external walls of tunnel. Setting accuracy M = 0.97 on 2.52 blockage aerofoil at o=O
about 0.001 in (0.025 m). N - 0.90 on 4.8% blockage aerofoil at a-10"

Extent: Whole test section. 3.9.a. None.

3.1.b. Tunnel total pressure + wall static 3.9.b. N/A
pressures constitute P. Accuracy about 0.05
in (1.3 mm) Hg. Wall shape data constitutes 3.9.c. No comment.
0. Streamwise position of data is X.

3.9.d. No coment.
3.1.c. No comment.

3.9.e. This whole concept of streamlining is based
3.2.a. 2D (see ref. 8). on theoretical analysis.

3.2.b. In 3.1.b. 3.10 NASA TH 87639 citations are:
Adaptive Wall Newsletter No.4 - update 3

3.2.c. Analytic, N 1 subcritical No.5 - updates 1,2

3.2.d. A relationship between the constant Further references are:
pressure and streamlined profiles.

A. Fage, A. and Sargent, S.F. Effect on
3.2.e. Sliderule and mechanical desk calculator Aerofoil Drag of Boundary-Layer Suction

(Brunsviga and Marchant) Behind a Shock Wave. ARC R&M 1913,
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October 1943. (ref.12) for details of Machmeter).

B. Research Programme of Aerodynamics 2.4.a. Flexible steel plate, in three sections
Division, N.P.L. AC 19, 9138, November with 2 small gaps of width about 1 s, and
1945 large 'plenum chamber' to rear of wall

providing space for screw Jacks. These
4. Tunnel now dismantled, penetrated to outer wall of tunnel and

were hand-operated.

2.4.b. Wall deformations, via screw Jacks (19 on
each wall)

1.1 NATIONAL PHYSICAL LABORATORY, TEDDINGTON, 2.5.a. 2D Aerofoil Sections, but some early work
MIDDLESEX, ENGLAND. DEPARTMENT OF SCIENTIFIC on 3D models (such as the Meteor jet
AND INDUSTRIAL RESEARCH (UP TO ABOUT 1965), fighter) and some on instruments (probes,
THEN MINISTRY OF TECHNOLOGY. NOW DEPARTMENT OF including full-scale Mark VII Pitot-Static
TRADE AND INDUSTRY head, blast gauges). Pressure plotting

models normally. Generally aerofoils had 5
1.2 (i) Dr. g.W.g. Rogers (Retired: Ex Deputy in (12.7 ca) chord and spanned the 8 in

Director. RAE, Farnborough) 64 Thetford Road, (20.3 cm) dimension. Supported usually via
New Malden, Surrey. England KT3 5DT. Tel: 01- 3 pins entering holes in each glass window;
942-7452 these pins served to lead out the pressure

tubes. However other aerofoil sizes (e.g up
(ii) Mr. H.H. Pearcey (Visiting Professor, to 12 in (30.5 cm) chord) were used and
Aeronautics Department, City University; occasionally the model was supported fro
Consultant on Aerodynamic and Marine Flow metal side-walls. No boundary layer
Problems. Ex Head of Research, National diversions, suction slots or end plates, on
Maritime Institute). side-walls.

4/4 Church Road, Teddington, Middlesex, 2.5.b. Models, see 2.5.a. Wall pressures measured
England. Tel: 01-997-5535. along central line of both flexible walls

over full length of tunnel (48.5 in, 1.23
Both the above were members of Aerodynamics a.). Wake traverse apparatus downstreas of
Division, NPL until October 1970. model position, with fitted static, total-

head and yaw probes to vary region of
1.3 20 in * 8 in High Speed Wind Tunnel, exploration.

Aerodynamics Division, NPL.
Schlieren and shadowgraph photography used

1.4 Mainly research on aerofoils at subsonic, and extensively.
later. transonic speeds. At the tie that this
wind tunnel was operational there were no Direct force measurement not usual. An air-
computational results for compressible flow bearing balance was developed for the
with shock waves and hence no absolute tunnel in about 1947 but was not used
criteria of accuracy (but see results on significantly. Hinge-moment balances were
models of different size, comparison with used in tests on aerofoils with control
flight tests etc.). We were more concerned surfaces.
with establishing physical understanding of
transonic flow phenomena (e.g. shock-induced Hence the normal practice for 2D models was
separation and its effects) and hence of to determine drag from wake traverses; lift
ensuring appropriate qualitative nature of the from pressure integration.
flow, e.g. thin turbulent boundary layers to
represent high Reynolds numbers. We were 2.5.c. Stages of adaptation were:-
particularly reassured by reproducing the a) Adjustment of wall to get uniform ('open
qualitative effects of shock-induced Jet') wall pressures- say 1 to 3 minutes
separation as observed on X-I aircraft in running time for each a and M.
flight, and typified by shock-wave movements. b) Calculations of wall settings required

for minimum interference condition,
1.5 Inactive. "Solid" flexible walls replaced by approximately 5 minutes.

slotted walls in 1954. Tunnel dismantled c. c) Setting walls to required shape,
1971. approximately 3 minutes.

2.1 Dry air injector driven. Intermitt-nt, but up Time to acquire pressure distribution on
to several minutes run time. Closed circuit aerofoil: typically 1 minute to ensure
from June 1954. steady mercury manometer readings.

Wake Traverse: up to 7 minutes in difficult
2.2 17 1/2 in * 8 in nominal (44.5 cm * 20.3 cm), high N, high a case with rather unsteady

Retangular. Length about 48.5 In (1.23 a). wake flow.
Glass windows on 2 wider warls; flexible walls Data taken at one M and one a for each run.
of 0.02 in (0.51 s) spring steel on narrower
width. 3.1.a. Wall shape via micrometer settings on

external walls of tunnel. Extent: whole
2.3 Normal operation up to choking speed with 2D test section.

model (say N - 0.90) giving Re 2 1.9 * 10'
(max) based on 5 in (12.7 ca) serofoil chord. 3.1.b. Tunnel total pressure - wall static
Mas been run supersonic. pressures constitute P. Accuracy about 0.05

in (Hg. Wall shape data constitutes 0.
2.4 Control of speed through pressure of air in Streamwise position of data is X.

chamber upstream of fixed blowing slot. Supply
pressure 3S0 pi max (25 Bars). "Macheter" 3.1.c. Saonthing and ,1tting done by eye and
used to se1se relationship between judgement!
(atmospheric) total pressure + test section
static pressure (sm'Pankhurst and Holder' 3.2.a. 2D (see ref.8).

I_
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3.2.b. In 3.1.b. Reynolds number (N ( 0.4) was 2.86 * 10'
This compares with a range of 1.5 * 10' to

3.2.c. Analytic, H ( subcritical 3.6*10' for various contemporary tunnels
and 3.85-10' for free air.

3.2.d. A relationship between the constant (ii) Relatively low turbulence was inferred
pressure and streaslined profiles, from the ability to sustain laminar flow on

low-drag aerofoils up to a Reynolds nusber
3.2.e. Sliderule and mechanical desk calculator of at least 4 * 10'

(Drunsviga and Herchant)
3.S.c. No tests. (Tunnel used towards the end of

3.3.a. See 2.5.c. Knowledge of wall shapes. its life to calibrate slotted test
sections).

3.3.b. Wall set 60 2 of way from "straight" to
constant pressure. No model inputs used. 3.8.d. See 3.2.c.

Noral 2D operation was:
3.3.c. Allowance for BL growth on all 4 walls by 1) 'Straight' wall data up to about H •

divergence of flexible walls. 0.75 (or lower at higher a ).
2) 'Streamlined' wall data from about M H

3.4.a. See 3.1.b. 0.7 to choking speed.

3.4.b. No comment. The practice was to correct the 'straight'
wall data by standard methods for lift and

3.4.c.)The human being quickly learned to respond blockage effects and to check that the
and in magnitude and direction to the changes corrected data overlapped the 'streamlined'
3.4.d. in wall setting required to achieve wall data (in the H - 0.7 to 0.75 range).

constant pressures.
Tests stopped when tunnel choked and/or

3.4.e. From total head (H) and static pressure (p) shockwaves reached the wall. Acceptance
at reference position at Jack p/H - f(). that 'streamline' theory was thought by
Reference position initially at Jack 5 but some to be increasingly inappropriate as
later moved to start of test section. supersonic flow region grew, but there were

no obvious discontinuities in results.
3.4.f. Not available. There were unsuccessful attempts to apply

6H corrections along the lines of the
3.4g. One iteration at all times. espirical corrections used by Evans in the

late 40s for RAE fixed wall High Speed
3.4.h. No automation. Tunnel.

3.5.a. The control surface shape was based on 3.8.e. Comments in 3.8.d apply to standard model.
achieving constant pressure walls to within
0.05 in (1,3 am) Hg. Stagnation pressure 3.9.a. None.
was I atmosphere.

3.9.b. N/A
3.5.b. Not relevant.

3.9.c. See 3.3.(c). Dr. Rogers Is convinced that
3.5.c. Not calculated, thick sidewall boundary layers induced an

incidence change at the serofoll centre
3.5.d. Model measuresents not used. giving an effective finite span model. He

found that integrated X-force (along chord)
3.5.e. One. See 2.5.c. and Y force from pressure distributions

when resolved were much less than wake
3.b Not attesped traverse drag indicating an actual flow

incidence greater than the geometric
3.7.a. At least 50 aerofoils; a few 3D models, incidence.

(See Adaptive Wall Newsletter o.4 update
3). 3.9.d. No comments beyond those in 3.8.d.

3.7.b. 2D Aerofoils include NACA 0012. 0015, 0020, 3.9.e. This whole concept of streamlining is based
64 series, NACA 2218 (Typhoon section), on theoretical analysis.
Clark Y, BC 1250, RAE series 102. 104.
Mustang airfoil, Goldstein Roof-Top 3.10 NASA TN 87639 citations 4,6,7.8,11.12
aerofoil) and propeller sections. Griffith Adaptive Wall Newsletter Ho.4 - update 1,3
section aerofoil. Standard model had 5 in No.5 - update 4
(12.7 ca) chord, thickness up to 15 % (ie No.6 - update 1,2,
0.75 in (1.9 cs)) or 3.75 2 blockage. More 3.4.
usually 10-12 2 thickness. Range of chords
used was 2 in (5.1 ca) to 12 in (30.5 cm). There are many published papers of data
c/h • 5/17.5 • 0.29 as standard, but from 20 in * 8 in tunnel, also many
varying froe 0.11 to 0.69. N:0.4--ochoking unpublished papers, and (now-lost) data. A
speed (say 0.90 at low a). a : -51 to + 15" selection of references appears in Chapter
typically 1. Further references are:

3D only a few geometries tested. A. Hyde. G.A.H. Turbulence Measurements
Axisynsatric bodies, bombe, probes, Meteor with Spheres in the N.P.L. High Speed
clipped wing model, blast gauges, swept Tunnels. ARC R and H 1959, September
wing. 1942.

3.8.a. Variation in H and p were measured and were 8. Beavan, J.A. and Hyde, G.A.N. Exasples
good, but no data is available, of Pressure Distributions at

Compressibility Speeds on IC 1250. ARC R
3.8.b. (i) Turbulence measurements using spheres and N 2056, September 1942.

were carried out In 1942. The critical
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C. Pearcey. H.H. Drag Measurements on NACA STAT A-29

2218 Section at Compressibility Speeds
for Comparison with flight Tests and 1.1 UNIVERSITY OF ARIZONA, TUCSON, ARIZONA
Theory. ARC R and N 2093 April 1943.

1.2 Professor W.R. Sears
D. Pearcey, H.H. Profile Drag Measurements Dept. of Aerospace and Mechanical Engineering

at Compressibility Speeds on Aerofoils University of Arizona
with and without Spanwise Wires or Tucson, AZ 85721
Grooves. ARC R and M 2252, August 1943. (602) 621-6107

E. Fage, A. and Sargent. R.F. An Air- 1.3 Arizona Adaptable-Wall Wind Tunnel
injection Method of Fixing Transition
from Laminar to Turbulent Flow in a 1.4 Research
Boundary Layer. ARC R and M 2106, June 1.5 Operational (most recent used: December 1987)
1944.

2.1 Open Return
F. Beavan, J.A., Hyde, G.A.M. and Fowler,

R.G. Pressure and Wake Measurements up 2.2 Rectangular 50.8 cm * 50.8 cm * 144.8 cm
to Mach Number 0.85 on an 1C 1250
Section with 25 per cent. Contro2. ARC 2.3 Up to M = 0.09, Re - 1,000,000
R and H 2065, February 1945.

2.4.a. Venetian blind louvers
G. Holder, D.W. Transition Indication in

the National Physical Laboratory 20 in. 2.4.b. Segmented rotation of louvered vanes

8 in. High-Speed Tunnel. ARC R and M
2079, July 1945. 2.5.a. 3D test. Generic V/STOL Transport Model,

Single Strut Support
H. Research Programme of Aerodynamics

Division, N.P.L. AC 19, 9138. November 2.5.b. LDV velocity measurement
1945.

2.5.c. 45 min for each iteration, typical run

I. Pearcey, H.H. and Rogers. E.W.E. The requires 7 iterations
Effect of Compressibility on the
Performance of a Griffith Aerofoil. ARC 3.1.a. 5 sided rectangular box 3/4 size of working
R and M 2511, November 1946. section,

J. Pearcey. H.H. and Beavan, J.A. Force and 3.1.b. Flow control: percent of opening of
Pressure Coefficients up to Mach Number venetian blind louvers, Control surface
0.87 on the Goldstein Roof-Top Section flow variables: tangential and normal
1442/1547. ARC R and N 2346, April 1946. velocities, 32 field points.

K. Beavan, J.A., Rogers, E.W.E. and 3.1.c. Time average of data
Cartwright, B.E. High Speed Wind Tunnel
Tests on an Aerofoil with and without 3.2.a. 3D panel method
Two-Dimensional Spanwise Bulges. NPL
Aerodynamics Division CP no. 78, 3.2.b. 0 - tangential velocity
February 1951. P - normal velocity

4. Tunnel now dismantled. 3.2.c. Numerical

3.2.d. Output - mismatch in normal velocity;
related to X according to equation (5)

3.2.e. Micro-computer (osborne 1) ; CPU time: I

minute

3.3.a. Previous test

3.3.b. None.

3.3.c. None.

3.4.a. P - normal velocity
0 - tangential velocity
X - percent of opening of venetian blind
louvers

3.4.b. dQ/dX ignored

3.4.c. zparlmental catersinstion of influence
coefficient in the presence of model

3.4.d. Relaxation factor - 0.15

3.4.e. Prescribed and search for best fit

3.4.f. See diagram 1

3.4.g. 7 iterations

3.4.h. Mnual operation
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3.5.a. R.N.S. of velocity mismatch; uniform 3.lO.c.None.
weighing

4.1 N.A.
3.5.b. See 3.2.d.

4.2 N.A.
3.5.c. Calculation of residual velocity error at

model location 4.3 Presently studying improvement of method and
special applications.

3.5.d. None
4.4 N.A.

3.5.e. Variable number of iterations according to
mismatch 4.5 N.A.

3.6.a. 3D adaptation for 3D test

3.6.b. Residual error at model

3.7.a. One model only

3.7.b. 3D: wing/body/tail
1:2 wing span to test section width SET UP NODEL fVI INITIAL
1:20 platform area to test section cross- 9ALL CONTROLS
section area; Lower surface blown flaps ,

M - 0.006 - 0.02 DETERINE M CONTROL
Angles of attack - 4 - 23 degrees IFSRE UAO UJT SETTING USING ISURED

3.8.a. Total head survey only THE INTERFACE INFLUENCE COEFFICIENTSP ]_ MR ALIUST CONTOLS
3.8.b. No data; turbulence level probably high!

3.8.c. None C[IRIPUTE OUTER FIELD MO]

3.8.d. Repeatability varies according to position DETERIINE NISNETCI OF
in working section; typically IXAT INTERFACE

3.8.a. Low speed only

3 .ISrVTCH LEUEL we

3.9.b. M.A. ""-A EFTrA LE ?

3.9.c. N.A.

3.9.d. N.A. [OIPUTE RESIDUAL

3.9.e. See Lee. D.C.L. and Sears, N.E. ERROR AT NODEL
"Experiment with Adaptable-Wall Wind Tunnel
for Large Lift"

. 
Journal of Aircraft, Vol

24, June 1987, pp. 371-376.

3.10.a.Sears, W.R., "On the Definition of Free-
stream Conditions for Wind-Tunnel Testing", 1.1 ARNOLD ENGINERING DEVELOPMENT CENTER
Presented at the Sysposius on Numerical and ARNOLD AFB, TN 37389
Physical Aspect of Aerodynamic Flow, Long USA
Beach, Calif., Jan 19-21, 1961, 4 pp. In:
Proceedings (A81-32571) California State 1.2 Dr. M.L. Laster
University 1981. AF/DOT

Arnold AFB, TN 37389
Sears. M.8., "Wind Tunnel Testing of V/STOL USA
Configuration at High Lift", Presented at Telephone: (615) 454-7608
the 13th Congress of International Council Telex: 554435
of the Aeronautical Science (ICAS)/AIAA
Aircraft Systems and Technology Meeting, 1.3 One-Foot Aerodynamic Wind Tunnel (IT). 3D
Seattle Washington, Aug 22-27, 1982. In: Adaptive-Wall Test Section.
Proceedings Vol 1 (A82-40876), AIAA 1982,
pp. 720-730. 1.4 Research.

Sears, W.R., "A Mind-Tunnel Method for 1.5 Inactive since June 1985; teat section and
V/STOL Testing", In: Recent Advance in control system in storage.
Aerodynamics, pp. 547-766, Springer-Verlag,
196, (A87-15463). 2.1 Continuous-flow, nonreturn tunnel with 2D

flexible nozzle and test section ventilated to
Sears, W.., and Lea, D.C., "Experiments in auxiliary plenum evacuation system.
an Adaptable-Wall ind Tunnel for V/STOL
Testing, AD-A174900, AFOS-O6-2089TR, 2.2 0.305 a height and width of square cross
September 1966, N*7-19412t. section, 0.953 m long.

3.10.b.Lem, D.C.L. and Sears, W.R., "Experiment 2.3 0.5 ONj 1.0 with adaptive-wall instrumentation
with Adaptable-Mall Mind Tunnel for Large (static pipem)installed; unit Reynolds number
Lift", Journal of Aircraft, Vol 24, June varies with Mach number in range of 11.5 * 10'
1987, pp.371-376. to 17.2 * 10 per meter.
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2.4.a. Perforated wall with 60 inclined holes indirectly to the control variables Xj
and porosity variable from 0 to 10 % . (plenum pressure and wall segment

porosity); relationship must be found by

2.4.b. Walls divided into 64 ser'rts, each with experimental measurement of influence
independently-controlled variable porosity functions P/

5 
/EXj , see 3.4.b.

plus global plenum-pressure control, see
Fig. 1. 3.2.e. PDP 11/73 minicomputer dedicated to

adaptive-wall tunnel; approximately 7
2.5.a. 3D testing with sting support for minutes for exterior flow calculation at

wing/body/tail models, see Fig.2. M_ .0.90, 15 minutes at 14 = 0.95

2.5.b. Wall Interference Model: Surface pressures 3.3.a. Not used to date.
at 134 static orifices, see Fig. 3; lift by
strain gages on sting. 3.3.b. Not used to date.

Interface Surface: Static pressure, Cp , 3.3.c. gxperiments to date have begun with uniform
and its radial derivative, aCp / ' r, porosity and the empty tunnel calibration
measured by two-component differential value of the ratio of plenum pressure to
static pipes mounted on a rotating stagnation pressure.
mechanism to sweep out a cylindrical
surface with circular cross-section of 3.4.a. P, and X are defined above in 3.l.b and
0.254 a diameter, see Fig. 2. 3.2.b.

2.5.c. No attempt made to adapt in a short time 3.4.b. Equation (8) is used with an entirely
during research investigation; model data different procedure from that in the terms
acquisition by electronically-scanned of reference. First, the matrix inversion
pressure modules takes a fraction of a in Eq. (8) is replaced by a constant
second, relaxation factor, so APJ - k Dp, . Then a

normalized merit function 7 is defined
3.1.a. Circular-cylindrical surface (see 2.5.b); by

measurements from 0.625 body lengths M ." 'LP ' , 3's wt, ds
upstream of nose to 0.375 body lengths J
downstream of tail; 0 = BCp/ar data s a
extrapolated to 1.375 body lengths upstream
and 0.958 body lengths downstream for where W(x) is a weighting function and S is
exterior-flow calculations, see 3.1.c. the interface surface. For efficiency, the

integration was limited to the x-
3.1.b. Control variables: Xt is ratio of upstream integration at two representative 8 values

sidewall static pressure to tunnel namely 6 = 65 * and 115
°  

. Next, each Xj
stagnation pressure (P/P ) and is is perturbed, in turn, and 8)Pj laxi is
controlled by the valve adjusting global measured at the representative 0. These
plenum pressure: Xt, 2 IJi15, are porosity data are used to replace Pf with P 4 (* l
of selected groupings of segments, with all / RXj ) A Xjto reevaluate V so that the
segments in each group of constant gradient 'Fr/dXj can be calculated.
porosity, r. The gradient projection method for

optimization is used to determine a one-
Flow Variables: Each pipe has 40 pairs of dimensional search direction in terms of
diametrically-opposed orifices which are the Xj . A sequence of successively larger
spaced nonuniformly in the axial direction steps is performed in this search direction
to accommodate the disturbance signatures to find the minimum V9 , which is the best
of typical models; data obtained typically fit of a revised q" to the target
at 8 azimuthal positions, B, of the pipes distribution IP +kDQ . The iteration
between 15* from vertical (below the model) continues by repeating the entire
and 16S" (above it), with the assumption of procedure, see Fig. 4 and 3.4.f below.
lateral symmetry for laterally symmetric
models; total of 640 data points, of which The iteration strategy which worked best is
320 are P - Cp and 320 are 0 -80C,/ar, to as follows:
provide the data required for adaptation. 1) In first iterative step, only X, - Ps /Pr

control variable is active with the
3.1.c. No filtering or smoothing of data was used; weighting function W(x) = 0.0 everywhere on

interpolation by spline fitting; the interface along x except In the
extrapolation of 0 beyond the measurements immediate vicinity of the tail where U(x)
accomplished by assuming 0 - 0.0, which is 1.0.
Indicated by the measured data and by model
flow field predictions. 2) In succeeding iterative steps, X, is

inactive and the various wall segment
3.2.a. Fully 3D in cylindrical coordinate system grouping porosities Xj -Zj are active with

(x,r,0); assume lateral symmetry. W(x) - 0.0 on the interface except in the
vicinity of the wing where UWs) - 1.0.

3.2.b. P - Cp - -2v,, G - aCp /Or - -2 2%/8x as
In 3.1.b, where v. and vp are perturbation 3.4.c. Influence functions measured experimentally
velocity components in the axial direction at each iterative step, see 3.4.b. and Fig.
and normal to the Interface. 4.

3.2.c. Numerical solution of transonic small 3.4.d. Uniform relaxation factor of k - 0.75 was
disturbance equations written in terms of used.
the acceleration potential, which is
interpreted here as C, ; applied for N. (I 3.4.e. N. and a are prescribed; the iteration
but with locally supersonic flow existing drives P - Cp to the distribution which
at the interface, satisfies the exterior flow condition (Eq.

(1) in terms of reference) subject to the
3.2.d. Output Is P . Op , which is related approxeations discussed In 3.4.b; flow-

mlmmm ms IMuMNS



A-32

anIle probes on upper and lower walls at total planfora area/tunnel cross-section
beginning of perforated segments. see Fig. area . 0.010.
2, verify that no flow inclination relative
to the empty tunnel calibration has been 3.8.d. Limited repeatability studies were
introduced. satisfactory.

3.4.f. See Fig. 4; in procedure described in 3.8.e. Insufficient data available at this time.
3.4.b, there are no constraints, so only
the optimization search branch is used. 3.9.a. None.

3.4.g. Two or three. 3.9.b. Not applicable.

3.4.h. Fully automated and controlled by dedicated 3.9.c. Not investigated.
PDP 11/73 minicoaputer; operator
intervention possible to inspect and check 3.9.d. Initial conditions were unadapted results
data and to revise parameters involved in at calibration conditions, see 3.3.c;
iteration procedure. adapted results were superior to the

unadapted.
3.5.a. See 3.4.b.

3.9.e. None.

3.5.b. In experiments to date, iteration continued
until limit of porosity control, Xj , was 3.10.a.References 135, 155, and 184 in NASA-TM-

reached while searching to achieve minimum 87639; Reference 9 in Adaptive-Wall

f. Newsletter No.4 bibliography update.

3.S.c. Merit function, y * was reduced, as 3.10.b.A recent paper concerning wall-interference
described in 3.4.b. until the limits of calculations for the model of fig. 3 using
3.5.b. were reached. numerical solution techniques for the uler

equations is:
3.5.d. Model surface pressures were monitored Donegan, T.L., Benek, J.A., and Erickson,

along a row of orifices on the fuselage and J.C., Jr. "Calculation of Transonic wall
along rays at 3 semiapan stations on the Interference." AIAS Paper No. 87-1432, June
wing and 2 on the tail, see Fig. 3, but not 1987.
used as criteria for ending iteration.

3.10.c.None.
3.5.e. Not used.

4.1 None planned.
3.6.a. all interference assessment and correction

(HIAC} procedures are currently under 4.2 None planned.
development at AKDC for fully 3D
configurations;.,(l, but with supercritical 4.3 None planned for about 2 years.
flow present, in general, at model and
interface, using numerical solution of both 4.4 A cooperative program with NASA Langley
the transonic small disturbance theory Research Center, DFVIR, and Dornier will
equations and the guler equations. include measurement of interface data during

4T testing for NIAC purposes.
3.6.b. Output in two forms is being investigated;

first, AC, is evaluated everywhere on 4.5 None planned.
model and is integrated to obtain ACL and
AC. at the tunnel test conditions of H.,

a; second, AM. and Ao a well as
residual ACp , AC, and ACm at the

corrected Mach number H,. + AM. ; contour
plots of interference on the model or
throughout the flow field are possible.

3.7.a. One test article to date.

3.7.b. 3D: ing/Body/Tail configuration shown in
rig. 3; in 1, blockage - 2.50 3, wing
span/tunnel width- 0.7000, body length/test
section length - 0.320, and total planform
area/tunnel croassection area 0.160;
negligible or correctable interference for
N. 0.60, adaptations carried out for
N.- 0.90, a - 01 and 4'. and M..-=0.95.

a " .

3.8.a. bpty tunnel was calibrated to give ratio
of plenum pressure to stagnation pressure
as a function of uniform porosity - results
agreed with earlier data similar, but non-
segmented walls.

3.8.b. Not Investigated.

3.8.c. All adapted data in IT were compared with
reference data obtained on the same model
in the A600 Four-foot Aerodynamic Mind
Tunnel (*T); in 4T, the blockage • 0.16 3,
wing WApn/tumel width * 0.175, body
length/test section length - 0.080, and



A-33

Fiur t. Svqmnted. Variable Porosity Wall Test Section

t.K Meannunhli

A-W t15elte Y S

Peoloremnta i

Rniseries

is Figurce 4. Automated Adaptive-Wall Iteretlve
Pro(educe.

Figure a. Geeice Wanl Interferene Model.



A-34

1.1 CALSPAN CORP. ADVANCED TECHNOLOGY CENTER single orifices; 15 flow-anile probes
P.O. BOX 400 retained to measure v and fix constants
BUFFALO, NY 14225 of integration (Refs. 100, 110, and A16).

1.2 J.C. Erickson. Jr. 2.5.c. Totally manual operation with exterior-flow
Calspan Corp./ADC Operations calculations performed off-line; all
HS600 pressure data acquired via Scanivalves, but
Arnold AFB, TN 37389 with manual reading froe a digital
USA voltmeter.
Telephone: (615) 454-6691
Telex: 554435 3.l.a. Doubly-infinite lines above and below

model; data extrapolated up-and downstream
1.3 Calapan One-Foot Tunnel. of measurements based on theoretical

considerations.
1.4 Research.

3.1.b. Control variables: Xj, i J 1 18. were
1.5 Inactive since 1980; test section and most of the valve settings controlling the

tunnel circuit dismantled and in storage. pressure/auction level in plenum J;
throughout the adjustment process, a

2.1 Continuous-flow, closed-return, variable- representative C value upstream was held
density wind-tunnel (see Refs. 36 and 64 in fixed (see 3.4.e). Flow variables:
NASA-TH-87639).

Phase I: P =v, - C,/2 as measured on
2.2 0.305 a height by 0.254 a width rectangular each pipe; and 0 = v. as measured by each

cross section. 1.676 a long. flow-angle probe (see 2.5.b).

2.3 0.55H41.0 with adaptive-wall instrumentation Phase II: P = v. c - Cp/2 as measured on
(static pipes) installed; unit Reynolds number each two-component pipe; and 0 - v. as
for adaptive-wall experimenta was 6.56* 10 integrated using the probes and pipes (see
per meter. 2.5.b).

2.4.a. 2D with solid sidewalls; perforated upper 3.1.c. No filtering or smoothing of data.
and lower walls, 0.00159 a thick, with
normal holes of 0.00159 a diameter on Phase I: Interpolation and extrapolation by
0.00318 a centers and nominal porosity of sultipole-expansion technique (see 3.2.c
22.5 %. and Refs. 23, 36, and 64).

2.4.b. 10 independently-controlled, segmented Phase II: Interpolation by cubic splines;
plenum chambers beyond upper wall; 8 beyond extrapolation of v. by fairing to zero as
lower wall; each plenum chamber controlled indicated by the measured distributions and
by a valve to the tunnel stilling chamber model flow field predictions at H 2 0.90.
for pressure and to an auxiliary compressor
for suction. 3.2.a. 2D flow:

Phase I: Prandtl-Glauert (P-G) equation,
2.5.&. 2D experiments only; airfoils supported by linearized compressible flow.

sidewalls.
Phase II: Transonic small disturbance

2.5.b. Two NACA 0012 models: equations (TSDE).
0.152 a chord with 0.064 a wide metric
section with a three-component force 3.2.b. P - v, - - Cp/2
balance at tunnel centerline and an 0 . v,
adjacent row of static pressure orifices.

3.2.c. Phase I: v measuresents fit by least
0.102 a chord with centerline row of static squares to obtain coefficients in a
pressure orifices. Experiments were multipole expansion (PE) techniques; v
performed In two basic phases: then evaluated from MPE procedure (see

Refs. 23, 36, and 64); used for M _ 0.725.
Phase I: Mildly supercritical flow with
weak shocks at the model, but subritical Phase II: v measurements interpolated and
flow at the interface; O.154 a chord model extrapolated as boundary conditions for
(Refs. 36 and 64). numerical finite-difference solutions to

the TSDE for the velocity potential, which
Phase II: Strongly supercritical flow with is differentiated numerically to determine
strong shocks at the model, and v. ; used for N 1 0.95.
supercritical flow at the interface; 0.102
m chord model (Refs. 78, 100, 110, and 3.2.d. Output is vx a P. which is related to the
135). valve settings X by means of Influence

functions resulting from the response of v.
Interface measurement capability: everywhere along the interfaces to

Individual plenum pressure changes (see
Phase I: static pressure, Cp , measured by 3.4.c).
upper and lower static pipes, each of
0.0127 a diameter with a single row of 52 3.2.e. IBM 370/165 central computer at
static pressure orifices; normal velocity, Cslspan/ATC.
v , easured by 10 flow-angle probes, one
above the center of each plenum chamber. 3.3.a. Phase I: not used.

Phase II: C, and the longitudinsl Phase II: After successful Iteration at N
derivative, Ov./sx, measured by upper and 0.9, a - 3" (ses 3.3.b), a - 2" was set
lower two-component differential static with valve settings unchanged; sam
pipes, each of 0.0159 a diameter with 18 procedure used successively to reduce a to
peirs of differential orifices and 15 1*
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3.3.b. Phase I: Computational results for vx from Phase II: 4 % blockage, chord/tunnel height
P-U representation of airfoil by a vortex, = 0.333;
source, and streamwise doublet. M - 0.90, a -1V , 2* , and 3*

Phase II: Computational results for v. 3.8.a. Empty tunnel calibration without active
from TSDE numerical solution for M - 0.9, wall control showed a 20 % acceleration of
a - 3" case (see 3.3.a). the flow over the length of the test

section; active wall control removed this
3.3.c. Phase I: Not used. acceleration (Ref. 36).

Phase II: Not used. 3.8.b. Not investigated.

3.4.a. P - vx - -Cp/2 3.8.c. All data were compared with data on the
0 - V. 0.152 a chord model in a dedicated test

X - valve settings to achieve desired program in the Calspan Eight-Foot Tunnel;
pressure in each plenum. both One-Foot and Right-Foot testing was at

the sae Reynolds number with fixed
3.4.b. The entire term )' in Eq.(8) was transition (Ref. 24).

replaced by a constant relaxation factor,
k. 3.8.d. Not investigated.

3.4.c. Influence functions between AX and AP = 
3
.8.e. Not investigated thoroughly, but smaller

Av, were investigated experimentally; 0.102 a chord model was built to overcome a
basically, if an upstream C, were held perceived lack of control at M 2 0.75
fixed, adjusting the valve setting of each (Refs. 70 and 78).
plenum had the effect that Avx was
approximately zero upstream of that plenum 3.9.a. None deliberately, but at M = 0.85, a = 1"
and constant downstream. hence, adjacent it was not possible to achieve a steady
upper and lower plenum valves were adjusted flow (Ref. 78).
simultaneously beginning at the upstream
end and sweeping sequentially downstream 3.9.b. Not applicable.
setting v. immediately downstream of the
plenum being adjusted; two or three sweeps 3.9.c. Boundary layers on perforated walls were
were sufficient, investigated (Refs. 36, 64, and 137).

3.4.d. Phase I: k = 0.25 3.9.d. Not investigated.

Phase II: k * 0.50 3.9.e. Numerical simulations of the basic
iterative procedure were performed for

3.4.e. An upstream pipe orifice was correlated subcritical flows (Refs. 23 and 36) and for
with a sidewall orifice farther upstream to supercritical flow (Ref. 36 and unpublished
maintain Cp = 0 there; angle of attack was STA paper in 3.10.b). Numerical simulations
set geometrically, but care had to be of segmented-plenum, perforated-wall test
exercised during the valve adjustment section were made (Ref. 137); semi-emprical
process (upper and lower) at the upstream model of entire tunnel, including auxiliary
end of the test section to avoid an pressure and suction systems, was developed
unintentional, uniform crossflow component. (Refs. 70 and 78).

3.4.f. See attachment for simplified version. 3.10.a.Of many papers and reports in NASA-TN-

87639, most important and accessible are
3.4.&. Phase I: 6 or 7 . Refa. 23-25, 36, 53, 64, 70, 78, 100, 110,

135, 137, and A16.
Phase I1: 3.

3.10.b.grickson, J.C., Jr. "The Concept of a Self-
3.4.h. None. Correcting Wind Tunnel", Presented at the

42nd Semiannual Meeting of the Supersonic
3.5.a. None, only a qualitative measure of Tunnel Association, Buffalo, NY, October I-

agreement between Pm and P [O I was 2, 1974 (see 3.9.e).

asemsed and iteration terminated when
improvement was no longer possible. 3.10.c.None.

3.5.b. Not used, unless available control limits 4.1 None
were reached, whereupon iteration was
terminated. 4.2 None .. . si n1u i me

3.5.c. Not used. 4.3 None 11, FLUUS

3.5.d. Not used, but monitored. 4.4 None f - . .:

3.5,.. not used. 4-S None 14.

3.6.. Not used. U

3.6.b. Not used. I Ru rl

3.7.&. 2, am 2.5.b . N,,F,

3.7.b. 20; NACA 0012 sections, see 2.S.b. • . .i
Phase I: 6 % blockage, chord/tunnel height

- o.5;
N 0.55, a. 4 and 6.
N - 0.72S, a 2'



A-36

1.1 NASA AMES RESEARCH CTR. 3.4.c. Experiments
MOFFETT FIELD, CA 94035

3.4.d. 0.5
1.2 Edward Schairer. Aerospace Engineer

H.S. 260-1 3.4.e. Mach No. determined from upstream side-wall
NASA AMES Research Center pressure tap, total press, and total temp.
Moffett Field, CA 94035 Free-stream direction assumed to coincide
(415) 694 - 4143 with tunnel axis.

1.3 25*13 cm Indraft Tunnel 3.4.f. See attachment.

1.4 Research 3.4.g. 3

1.5 Inactive (1980) 3.4.h. All processes automated except for
adJustment of plenum pressures which was

2.1 Indraft. Choked Nozzle Downstream, continuous done manually following computer
instructions.

2.2 Rectangular
13 cm 3.5.a. RMS difference between theory and exp. at
25 cm control points. Equal weights.
74 cm

3.5.b. Arbitrary decision of operator.
2.3 M 0.80 Atmospheric total pressure

3.5.c. Not used

2.4.a. Slotted top and bottom; solid side-walls
3.5.d. Not used.

2.4.b. Plenum pressure, segmented (10 upper, 10
lower) 3.5.e. Not used. Iteration continues until figure

of merit shows no further improvement

2.5.a. 2-D Airfoil spanning test section,
supported by side-walls 3.6.a. Not used.

2.5.b. Surface pressures measured at orifices with 3.6.b. -
scanivalve pressure transducer.
1 - Component LV 3.7.a. 1
Scanivalve Press. Transducer

3.7.b. NACA 0012
2.5.c. - 1 Hour Blockage 7 %

1 10 Sec C/H 0.586
M range 0.6-+0.8

3.1.a. 2-Level interference assessment. Levels a range 0*, 21
were at ± 0.4 C and ± 0.67 C and extended b/w -

2.3. C upstream and downstream of model Sw/(hxw)-
quarter-chord. No extrapolation.

3.8.a. Axial Mach distribution measured using
3.1.b. X 20 Plenus compartment pressures. Strongly side-wall pressure taps. Standard deviation

coupled. typically 0.006.
P Upwash
Np 10 at 0.33c intervals 3.8.b. Unknown
Accuracy - ± 0.3 s/sec
O upwash 3.8.c. Airfoil pressure distribution compared
N. 15 at 0.33 c intervals with Calspan 8' W.T. data
Accuracy ± 0.3 s/sec

3.8.d. Not determined
3.1.c. Filtering None

Smoothing None 3.8.e. Mach limited to - 0.80 : condensation at
Extrapolation : None higher Mach interfered with LV

3.2.a. 2-D Prandtl - Glauert 3.9.a. Not applicable

3.2.b. P upwash 3.9.b. Not applicable
O upwash

3.9.c. Not investigated
3.2.c. Analytic solution integrated numerically

3.9.d. Not applicable
3.2.d. Upwash, related to X by empirical influence

coefficients 3.9.e. None

3.2.e. Data General Eclipse S 200 3.10.&.1. BODAPATI, SCHAIRER. DAVIS, "Adaptive-
1 sec Wall Wind Tunne: Development for Transonic

Testing", 3. of Aircraft Vol 18, No 4
3.3.a. All tests begun with "Passive" walls- no April 1981.

mass flow through walls
2. DAVIS, "A Compatibility Method for

3.3.b. Not applicable. Adaptive-Wall Wind Tunnels", AIAA J., Vol
19, Sept. 1981.

3.3.c. Unknown
3. SCHAIRER and NENDOZA, "Adaptive-Wall

3.4.&. See 3.1.b. Wind Tunnel Research at Ames Research
Center", AGARD CP 335, Sept. 1982.

3.4imm.b. mmmmXmJmm • m u m• m • m'mm



A-37

1.1 NASA AMES RESEARCH CTR. 3.4.b. Xj ? Pt /Xj j'DP
MOFFETT FIELD, CA 94035

3.4.c. Experiments
1.2 Edward Scheirer, Aerospace Engineer

M.S. 260-1 3.4.d. 0.5--,1.0

NASA AMES Research Center
Moffett Field, CA 94035 3.4.e. M: Mach No. determined from upstream side-
(415) 694 - 4143 wall pressure tap, total pressure, and

total temperature.
1.3 25*13 cm Indraft Tunnel a: Free-stream direction assumed to

coincide with tunnel axis.

1.4 Research
3.4.f. See attachment

1.5 Inactive (1981)
3.4.g. 3

2.1 Indraft, Choked nozzle downstream, continuous 3.4.h. All processes automated except for

2.2 Rectangular adjustment of plenum pressures which was
13 cm done manually following computer
25 cm instructions
74 cm

3.5.a. RMS difference between theory and exp. at
2.3 M 0.80 control points. Equal weights.

Atmospheric total pressure
3.5.b. Arbitrary decision of operator.

2.4.a. Slotted top and bottom; solid side-walls
3.5.c. Not used

2.4.b. Plenum pressure, segmented (18 upper, 18
lower ) 3.5.d. Not used

2.5.a. 3-D sidewall mounted semi-span wing 3.5.e. Not used. Iteration continues until figure
(tapered, unswept) of merit shows no further improvement.

2.5.b. Model loads measured by 6 - component 3.6.a. Not used
balance
I - component LV 3.6.b. -
Scanivalve Press. Transducer

3.7.a. 1
2.5.c. I Hour

1 sec 3.7.b. Semi-span wing
Blockage 2.67 %.

3.l.a. 2 - Surface interference assessment. Each M range 0.6--0.7
surface was a right rectangular prism a range 0--5.3*
extending 2.3 mean aero. chords upstream b/w 0.678
and downstream of model quarter-chord. No Sw/(hxw) 0.44

extrapolation.
3.8.a. Axial Mach distribution measured using

3.1.b. X 36 Plenum compartment pressures. Strongly side-wall pressure taps. standard deviation
coupled typically 0.006.
P Upwash
Np 49 3.8.b. Unknown

Accuracy 
~ 
± 0.3 a/sec

0 Upwash 3.8.c. Model lift-curve compared to experimental
N. 49 "Free-Air" data. Velocities compared to CFD
Accuracy ± 1 0.3 a/sec result.

3.1.c. Filtering None 3.8.d. Not determined
Smoothing None
Extrapolation : None 3.8.e. Mach limited to "0.80 : Condensation at

higher Mach interfered with LV.
3.2.a. 3-D Linearized. Compressible.

3.9.a. Not applicable
3.2.b. P upwash

O upwsh 3.9.b. Not applicable

3.2.r. Finite differences 3.9.c. Corner-flow observed during calibration.
Effect on test was unknown.

3.2.d. Upwaah, related to X by empirical influence
coefficients 3.9.e. Results correlated with numerical

simulations of J.P. Mendoza.
3.2... Data General Eclipse S 200

30 sw 3.10.a. 1. SCHAIRIR, "Experiments in a Three-
Dimensional Adaptive-Wall Wind Tunnel",

3.3.&. All tests begun with "Passive" walls - no NASA TP 2210. Sept. 1983.
mass flow through walls

2. DAVIS, "A Compatibility Mthod for
3.3.b. Not applicable Adaptive-Wall Wind Tunnels". AIAA J., Vol

19 No 9, Sept. 1981.
3.3.c. Unknown

3. SCHAIRIR and NWDOZA. "Adaptive-Hall
3.4.a. See 3.l.b. Wind Tunnel Research at Asmm R march

Canter", AOAM CP 335, Sept. 1962.



A-38

4.KNDOZA."A numerical Simulation of Three- 3.2.b. P upwash or axial
Dimensional Flow in an Adaptive-Wall Wind Q upwash or axial
Tunnel". NASA TP 2351. Aug. 1984.

3.2.c. Linear analytic solution evaluated
SCHAIRER, "Assessment of Lift and Blockage numerically TSP equ. solved by finite
- Induced Wall Interference in a Three- differences.
Dimensional Adaptive-Wall Tunnel", in NASA
CP-2319, 1984. 3.2.d. Upwash or axial, related to X by empirical

influence coefficients.

3.2.e. Data General Eclipse S 200
Linear sol'n: 

~
1 sec

TSP sol'n : 60 sec

1.1 NASA AMES RESEARCH CTR.
NOFFETT FIELD, CA 94035 3.3.a. TBD

1.2 Edward Schairer. Aerospace Engineer 3.3.b. Not applicable
M.S. 260-1
NASA ANES Research Center 3.3.c. TBD
Moffett Field, CA 94035
(415) 694 - 4143 3.4.a. See 3.1.b.

1.3 2 By 2-Foot Transonic Wind Tunnel 3.4.b. AXj = {(a /& ) JD

1.4 Research to Industrial Operation 3.4.c. Experiments

1.5 Integrated systems test nearly completed (Mar 3.4.d. TBD
1988)

3.4.e. M: To be prescribed
2.1 Continuous, Closed return

a: To be prescribed
2.2 Square

0.61 a 3.4.f. See attachment
0.61 0
0.52 a 3.4.g. TBD

2.3 0.2 1 M 1 1.0 3.4.h. Designed to be fully automated
Atmospheric total pressure

3.5.a. RS difference between theory and exp. at
2.4.a. Slotted top and bottom; solid side-walls control points, equal weights.

2.4.b. Plenum pressure, segmented 3.5.b. User selected pressure change threshold
(32 upper. 32 lower)

3.5.c. To be Determined for P and 0 using linear
2.5.a. 2-D Airfoil spanning test section, WIAC methods

supported by side-walls
3.5.d. TBD

2.5.b. Surface pressures to be measured at
orifices with scanivalve pressure 3.5.e. Not used. Iteration continues until figure
transducer of merit shows no further improvement
2-component LV

3.6.a. Linear WIAC methods to be used
2.5.c. To be Determined (TBD)

- 10 sac 3.6.b. TBD

3.1.a. Instrumentation and software available for 3.7.b. NACA 0012
either I - or 2 - Component interference Blockage 3 I
assessment. Heights of control levels TBD - C/H 0.25
LV and glass side -walls allow maximum M range TBD
flexibility in choosing. Software in place o range TBD
to extrapolate.

3.8.a. Axial Mach distribution to be measured with
3.1.b. X 64 plenum compartment pressures. Expected LV and static pressure pipe along tunnel

to be strongly coupled centerline.
P upwash or axial
N, 32 3.8.b. TBD
Accuracy TBE
o upwash or axial 3.8.c. Large dats-base of pressure distributions
N 32 available for comparison
Accuracy TBD

3.8.d. TB
3.1.c. Filtering : None

Smoothing : Smoothing LV velocity 3.8.e. TBD
distributions avaliable
Extrapolation : Data may be extrapolated 3.9.a. Not applicable
using multi-pole at model Quarter-chord to
fit data. 3.9.b. Not applicable

3.2.a. 2-D Linear, compresible. 2-D I-step, and 3.9.c. TBD
non-linear (transonic small perturbation-
TSP

)
3.9.d. TBD
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3.9.e. Results to be compared to TSFOIL and other 3.4.a. Impermeable; flexible top and bottom walls,
numerical simulations, rigid sidewalls.

3.10.a. 1. SCHAIRER, "Methods for Assessing Wall 2.4.b. Wall deformation.
Interference in the Two-by Two-Fcot
Adaptive-Wall Wind Tunnel", NASA TM 88252, 2.5.a. 2D tests, model supported between rigid
June 1986. sidewalls.

2. MORGAN and LEE, "Construction of a Two 2.5.b. Pressures and wake survey.
by Two Foot Transonic Adaptive-Wall Test
Section at the NASA Ames Research Center, 2.5.c. Adaptation , 2 minutes; Model data ( 20
AIAA Paper 86 - 1089, May 1986. seconds; Wake Survey ( 5 minutes.

3. SCHAIRER, "Two-Dimensional Wind-Tunnel 3.1.a. Effective test section boundary shape.
Interference From Measurements on Two
Contours", J. of Aircraft, Vol 21, No 6, 3.l.b. Static pressures on the floor and ceiling
June 1984. (Variables 0) - 18 per wall on the tunnel

centerline; Position relative to the fixed
4. DAVIS, S.S., "Applications of Adaptive- upstream end of the walls in inches:
Wall Wind Tunnels" J. of Aircraft, Vol 23, 4.75,10.5,15.5,19.5,22.S.24.5,26. ,27.5,29.,
no 2, FEB 1986. 30.5,32. ,33.5.35.5,37.5,39.5,42.5,46.5,

51.5;
5. DAVIS, S.S.. "The Evolution of Adaptive- Accuracy : t 0.25 % of reading (0 to 20
Wall Wind Tunnels", NASA TM 84404, Sept. PSI)
1983. Independence: Aerodynamically linked

together;

3.10.b. Contribution to "Adaptive-Wall Newsletter" Redundancy; None.
No 4 (Feb 1987) Local wall deflections at each of the Jack

locations (Variables X) -18 per wall;
Position as for the static pressure
measurements;
Independence: Small mechanical

AO M.interactions;
Redundancy: None.

3.1.c. Static pressure values are time averaged.
Also these pressures are interpolated to
determine static pressure values midway
between wall Jacks during the wall
adaptation computations.

PLIM5 PRISS3.2.a. 2D, Linearised, Small wall slopes.
,3.2.b. Local wall slope and local static pressure

on the floor and ceiling.

3.2.c. Analytical adjustment of external flow
field pressures on each wall shape from one
iteration of the adaptation process to the

- *2next. Range of application is limited to
where the local wall Mach number is near

sonic with the flexible walls adapted or
nearly adapted. With a test section
height/chord ratio of 1.5, free stream Mach
number is restricted to about 0.85. (Note

rFs.2 Ad.,a,... .... d Kbsuitable external flow field calculations
to raise this Mach number restriction to
Mach 1.0 are available when this becomes
necessary.)

3.2.d. New external flow field pressure
1.1 EXPRIMENTAL TICHNIGUES BRANCH, NASA LANGLEY distribution used with the predicted wall

RESEARCH CENTER, HAMPTON, VIRGINIA, USA shape (Variables X) for the next iteration
of the adaptation process.

1.2 Dr. Stephen Wolf, Nail Stop 287, NASA Langley
Reearch Canter. Hampton, Virginia 23665-5225, 3.2.0. Modcomp Classic IV (CPU-A) mini-computer;
USA. Tel. (804)-665-4807. Telex.823405. CPU time CPU time- Uneasurable (nano-
fax.(604)-865-2300. seconds).

1.3 0.3 a Transonic Cryogenic Tunnel (TCT). 3.3.a. Automatic Sel'ction of experimental wall

shapes from a wall library, or calculation
1.4 Research and production type testing. of potential flow wall shapes based on

expected model lift and dra coefficients.
1.5 Active or aerodynamically straight walls. These

initial wall shapes are available for any
2.1 Continuous; Closed Return; Cryogenic; test sweep.

Pressurized
3.3.b. Automatic selection of wall shapes based on

2.2 0.33 a squre, 1.417 a long operator entered setup parmters, I.e. a.
N and Rc.

2.3 Hnch 0.2 to 1.1; Unit Reynolds number up to
328 million per stw 3.3.c. Test section always active.
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3.4.a. Variable Q - Local wall static pressure - 6
° 

to 8.5; Rc range 3 million to 30
Variable P - Local wall slope million.
Variable X - Local wall deflection MACA 0012; blockage = 12 %; chord/height

ratiot= 1.0; N range 0.5 to 0.76; a range
3.4.b. 2D; Linearimed; Small wall slopes; Each -2 to 6; Rc range 6 million to 15

wall analyzed separately, million.
CAST 10, blockage z 12 % ; chord/height

3.4.c. We refer to the influence coefficients as ratio - 0.75; M range 0.3 to 0.8; a range
coupling factors and scaling factors, which -2.3* to 11.5'; Rc range 6 million to 73.4
we determine experimentally, million.

CAST 10; blockage z 12 %; chord/height
3.4.d. Coupling factors: 35 % of one wall ratio - 0.54; M range 0.7 to 0.8; a range

movement fed into the other wall. -I' to 6.9"; ac range 4 million to 45
Scanling factors: 80 % of the predicted million.
wall movement used. Advanced Cambered Airfoils; blockage 2 12

%; chord/height ratio = 0.46; M range 0.3
3.4.e. The free stream Mach number (N) is measured to 0.775; a range -9" to 11"; range 3

at the test section entrance. The model million to 24 million.
angle of attack Is measured geometrically
relative to the tunnel centerline. 3.8.a. Empty tunnel calibration over M range 0.25

to 0.95 and Rc range 10 million to 100
3.4.f. See attached sheet number 1 million per foot.

3.4.g. Usually one or two iterations are required. 3.8.b. Mach number variations of the order 0.004
in the empty test section up to about Mach

3.4.h. Complete automation used for production 0.8. Turbulence data is being analyzed.
type teats.

3.8.c. We carried out extensive validation tests
3.5.a. The control surface figure of merit we with the NACA 0012 and CAST 10 airfoils

refer to as streamlining quality. We assess described in answer 3.7.b.
this streamlining quality by the magnitudes
of the modulus of the local Cp error along 3.8.d. Repeatability of the order 0.001 in normal
each wall, the induced angle of attack at force coefficient (Cn) and .0005 in drag
the model leading edge, induced camber coefficient (Cd) is possible. We have many
along the model chord line and the averaged data comparisons when models were re-
induced velocity along the model chord installed in the tunnel for numerous
line. reasons.

3.5.b. The prediction of new wall shapes is based 3.8.e. Our test envelope is currently bounded by
on the imbalance of the internal and hardware limitations which are very
external pressure distributions along the dependent on the model under test. However,
floor and ceiling, we have published a test envelope for a

chord/height ratio of 0.71, as shown on
3.5.c. Modulus of the local Cp error < 0.01 sheet number 2. Production testing and

(Calculated from already known pressure research testing envelopes are different
distributions) Induced angle attack < 0.015 because the levels of operator experience
degree (Calculated from wall pressure determine which hardware problems restrict
loadings) Induced camber ( 0.07 degree the envelope. The lowest possible level is
(Calculated from wall pressure loadings) assumed for production testing.
Average induced Cp error t 0.007
(Calculated from wall pressure loadings) 3.9.a. N/A

3.5.d. No model measurements used during the 3.9.b. Very small effects observed in data
adaptation process. reduction. 0.3 -m TCT data is corrected for

real gas effects using the Beattie -
3.5.e. Number of iterations not fixed. However the Bridgeman equation of state fir nitrogen

control system will alert the operator to a gas.
convergence problem if more than 6
iterations are attempted in an adaptation 3.9.c. The spanwise variation of the model wake is
process, small for moderate lifts, indicating good

2-D flow in the test section. Preliminary
3.6.a. Each wall is represented am a vortex sheet tests using passive sidewall boundary layer

in a uniform potential flow field, control indicate that the maximum lift of a
Linearised theory is then used to calculate 2-D model may be sensitive to sidewall
the induced effects of this wall vorticity boundary layer effects. However, good
at the model location. The range of comparisons of data from different chord
application is the same as for external models, with the same section, strongly
flow calculations, i.e. when the walls are indicates that the sidewall boundary layer
near sonic either adapted or nearly effects are minimized in a shallow adaptive
adapted, wall test section.

3.6.b. We use the residual interferences to decide 3.9.d. Sheet number 3 shows a comparison of
when to stop the adaptation process. The uncorrrected data from the 0.3 -s TCT
residual interferences at the end of an adaptive wall test section and the 0.3 -a
adaptation process are considered TCT ventilated test section. The model
acceptably smll. No classical type section is CAST 10. The chord/height in the
corrections are applied to the model data. flexible walled test section Is 0.54 and in

the slotted walled test section Is 0.127.
3.7.a. Ten 2-D airfoils. The data sets are quite different in terms

of lift curve slope and maximum lift
3.7.b. MACA 0012; blockage - 6 2; chord/height despite the snall size of model used in the

ratio - 0.5; N range 0.3 to 0.76; a range slotted walled test section.



A-41

3.9.e. We used flow simulations to check our wall ADDITIONAL DETAILS ABOUT 3-D TESTING
adjustment software. Control concepts
cannot be simulated with flexible walled 1.2 Dr. Rainer Rebstock, Mail Stop 287, NASA
test sections since all the wall adjustment Langley Research Center Hampton, Virginia
procedures are theoretically so-called One- 23665-5225, U.S.A. Tel. (804)-865-4074 Telex
Step methods. Experimental evaluation of 823405, Telefax (804)-865-2300
all these procedures proves iterations are
necessary in the adaptation process because 2.5.a. Half model mounted on side-wall, 3-D sting
the model flow field changes for each support will be installed in 1988
iteration. The wall adjustment procedures
cannot take this in to account without 2.5.b. Model forces, wall pressures
detailed knowledge of the model. Indeed if
we had this detailed knowledge there would 2.5.c. Information will be available 4/88 (first
be no need to carry out a wind tunnel test 3-D test).
of the model In the first place.

3.1.a. Streamtube formed by the aerodynamically
3.10.a. See the subject index in Nasa TM-87639 for straight walls, extended downstream by half

0.3 -m TCT. the test section length

3.10.b. Ladson C.L.; and Ray E. J.: Evolution, 3.1.b. Variable X : wall deflection at each jack
Calibration, and Operational location (18 per wall)
Characteristics of the Two-Dimensional Test Variable P Local wall slope
Section of the Langley 0.3 -Meter Transonic Variable a : static pressure measured n 7
Cryogenic Tunnel. NASA TP-2749. September rows of orifices (3 rows on both top-and
1987. 10 pp. bottom walls. 1 row on sidewall) 18

orifices per row at jack locations.
Mineck R.t.: Wall Interference Tests of a
CAST 10-2/DOA 2 Airfoil in an Adaptive Wall 3.1.c. Variables P and Q extrapolated downstream
Test Section. NASA TM-4015. December 1987. in keeping with the length of the control
98 pp. surface

Wolf S. W. D. : Evaluation of a Flexible 3.2 The wall adaptation for a 3-D model in a 2-D
Wall Testing Technique to Minimize Wall adaptive wind tunnel does not follow the
Interferences in the NASA Langley 0.3 -m procedure outlined in the Questionnaire. The
Transonic Cryogenic Tunnel. AIAA Paper 88- strategy is as follows:
0140. Presented at the AIAA 26th Aerospace In a first step, the wall interference
Sciences Meeting, Reno, Nevada, January 11- (blockage and upwash) is computed along the
14, 1988 11 pp. model axis. The linearized 3-D potential

equation is solved with the measured variables
3.10.c. None P and 0 as a boundary condition. A

representation of the tested model is not
4.1 None required. The adaptation of the top and bottom

walls is aimed at eliminating the wall
4.2 We plan to install a 3-D model support system interference at the model axis. That is. the

into the 0.3 -m TCT during April 1988. An deflections are calculated so as to produce
improved contraction is planned for later in equal but opposite blockage and upwash
1988. New flexible walls with increased velocities at the model axis. Again, linear
flexibility and more pressure tappings are potential flow (2-D equation) is assumed.
planned.
A new drag rake systes is being proposed. 3.2.c. Numerical; M 1 at the walls.

4.3 Further investigate effects of sidewall 3.2.d. Wall slope; integrated to obtain
boundary layer control for 2-D testing, as deflections at jack positions.
part of the continuing study of residual

interferences. Evaluate existing procedures 3.2.e. MicroVax II; 30s.
for 2-D testing close to Mach 1.0.
Add to the already extensive documentation of 3.3.a. Adapted contour for similar flow case
the adaptive wall system to allow easier use obtained from wall library
of the testing technique by any wind tunnel
user. 3.4.a. P wall slope
Evaluate 3-D testing in the 0.3 -m TCT 0 : wall static pressure
adaptive wall test section. X : wall deflection

4.4 Complete CAST 10 tests as part of ONERA, 3.4.f. See attached sheet number 4

DFVLR. NAE and NASA agreements. With improved
flexible walls, we hope to expand our 3.4.h. Fully automated; manual input required to
validation testing of large models stop wall adaptation
(chord/height ratio = 1.0). Primarily, we will
carry out 3-b validation tests with well known 3.5.c. Residual Mach number interference and
models. induced absolute angle-of-attack are

calculated along the 1/4 chord line. Their
4.5 We will be using the tunnel for numerous absolute values and/or gradient in spanwise

resemrch programs not directly related to use direction will be used to assess the
of adaptive walls, i.e model surface finish quality of the wall adaptation. No
and cryogenic model technology investigations, particular limits have been determined yet.

3.6.a. Wall interference assessment in the model
region Is part of the wall adaptation
algorithm (see above).

3.6.b. Averaged values of Au and AM are used to
correct the freestrem parameters.
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3.7 No test so far. A side-wall mounted wing will surface velocity consistent with small
be tested in March 88. Wing span is 50 % of deflection theory. The interior slat
test section width. strewmmise velocity is combined with the

influence coefficients to yield the
3.10.b. Rebstock. R.: Procedures for Computing exterior normal velocity at the slat

Transonic Flows for Control of Adaptive surface. Relaxation is used to combine the
Wind Tunnels NASA TN 88530, Jan. 1987. exterior and interior normal velocities

yielding the updated slat normal velocity.
Rebstock. R.: Capabilities of Wind Tunnels The normal velocities are streaswise
with Two Adaptive Walls to Minimize integrated to yield the updated slat
Boundary Interference in 3-D Model Tests position. Iteration is continued until the
Paper prepared for the Transonic exterior and interior normal velocities at
Symposium, to be held at NASA Langley each Jack location converge. In the
Research Center, April 1988. indicated nomenclature,

P Normal velocity at each Jack station
4.2 Installation of sting support in test section. 0 Streswise velocity at each Jack

Tests with Space Shuttle orbiter models in station, evaluated from slat pressures
Summer 88. X ~ Slat position relative to undeflected

(straight wall) condition.
4.3 Development of a strategy for near sonic Mach

numbers when the supersonic flow regions 3.1.c. Pressure data smoothed using averaging of
extend to the tunnel walls. 10 samples, wall position data fit with

cubic spline.

3.2.a. 3D, floor is plane of symmetry

3.2.b. See 3.1.6.
1.1 ADAPTIVE WALL TUNNEL - PART OF SVRRDRUP

TECHNOLOGY, ERGINEERING DIVISION FACILITIES 3.2.c. Analytical evaluation of influence
LOCATED AT ENGINEERING OFFICES, 600 WILLIAM coefficient using low order panel method,
NORTHERN BLVD. incompressible.
TULLAHOMA, TENNESSEE

3.2.d. See 3.1.6.
1.2 Contacts:

Dr. Michael 0. Varner, Manager Advanced 3.3.a. Convergence started from deformed or
Engineering Applications Branch straight wall positions.
600 William Northern Blvd.
P.O. Box 884 3.3.b. No input required from model measurements.
Tullahoma, Tennessee 37388
Phone (615) 455-6400, ext. 402 3.3.c. Rectangular test section.

1.3 AWAT (Adaptive Wall Automotive Tunnel) 3.4.a. See 3.1.6.

1.4 Pilot and research facility for automotive 3.4.b. Exterior flow defined by source
testing distribution over panel representation of

test section walls. Small perturbation
1.5 Inactive - most recent tests conducted in assumption applied so that influence

March 1987 coefficients are calculated only once for
undeflected wall position.

2.1 Open return circuit
3.4.c. Influence functions determined analytically

2.2 Rectangular test section, 0.305 sH 0.61 SW as in 3.4.b.
2.44 mL

2.3 0.05 a( 0.20, 1* 10' R /a ( 4*10' 3.4.d, £ " .07 determined by analytic experiments.

3.4.e. Free stream values based on test section
2.4.a. Impermeable; 12 longitudinal, individually entrance pressures. No corrections applied.

contourable flexible slats covering sides
and top walls. Flat floor.

2.4.b. Flexible slats contoured by 17 manually set ]lot.
screw jacks per slat. p osition

2.5.&. 30 testing of bluff, non-lifting bodies. ... r -11
Test models rigidly fixed to floor. pre..r...

2.5.b. Model pressure measurements, flow field l

angularity and pitot pressure. Cw .t 1*.trea.mI S.

2.5.c. One wall iteration requires ma.aual -* i_,. or

adjustment of 204 Jacks, approximately 2

hours; model/wall pressure data taken with ... "r Compote
scanivalve system, approximately 1 minute. ..tit.i ,

3.1.a. Rectangular, fixed control surface based on
undeflected wall position. .p --ts

3.1.b. 204 first order quadrilateral panels are
used to model the exterior flow (influence
coefficients). Measured quantities on walls
are slat pressures and slope. These are
converted to streawuise and normal slat
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3.4.Z. 3 to 7 iterations. CAST 10 Airfoil Data
3.4.h. Only data acquisition is automatic. Mach 0.765 Rc - 4 million Transition Fixed

.7

3.6.a. 3D adaptation for 3D tests.

3.6.b. Model d cp

3.7.a. 3. ______

3.7.b. 3D articles: 10. 20. 30 Z bluff body t
blockage car models. 00

3.8.a. Boundary layer profiles at nozzle exit. UW
C14R test section exit. -0 TCT.1.~

.3 x T2 lieI
3.8.b. No flow quality measurements made to date. 'a -- TCT Slotted Wall

3.8.c. Interference free environment confirmed by 0 .
comparison of flow angulariy vel
position and exterior flow calculationswfor
10 and 20 percent blockage models.

3.9.d. Results of adapted/unadapted are provided Anl o5Atc, ere
in Reference 1 paper (Section 3.10.a). Ageo tak ere

3.9.e. Numerical simulations on control are 0.3-rn TCT 2-1) Test Envelope
discussed in Reference 1 paper (Section Estimated for Cambered 12% Airfoils (h/c > 1.4)
3.10.a). 1.2

3.10.a. Whitfield. J.D. .Jacocks, J.L.. Dietz, W.E.
and Pate. S.R. "Desanstration of the a Research
Adaptive Wall Concepts Applied to an
Automotive Wind Tunnel" SAE paper 820373. *0 h

3.10.b. Starr. Rogers F. and Varner. M.D. Praductaon
"Application of Adaptive Wall to High-Lift
Subsonic Aerodynamic Testing - An 0

Engineering Evaluation",* AIAA paper 84- 0 ...............
0626.

4.3 Plans are now underway to implement the "one -.
step" algorithm in the adaptive wall control
algorithm.

4.4 Sensitivity studies were conducted in early a 2 a b
1987 to define wall position and pressure Mach ho
measurement sensitivity requirements for the
adaptive wall process. Analysis of the results
should be completed during 1988. WALL ADAPTATION FLOW CHART

Infinite Flow Streamlining 3-D MODEL. IN TEST SECTION WITH1 IFLXIILt TOP- AND BO11O&I WALLS

Lad Tim P....e

S* -t INIWWc

1.68.Ch.* U.S IMeo

G_.""W. Nvl so Sol am Sk"

Will'. W."t ft A ata.. S.,la

*cqso M.* -A ...va

C .. WN.. 
D-=-h* KI!L@ &A .Ce

CPU-A Evet Flow Chart _________________________



REPORT DOCUMENTATION PAGE

1. Recipient's Reference 2. Originator's Reference 3. Further Reference 4. Security Classification
of Docmrent

AGARD-AR-269 ISBN 92-835-0558-1 UNCLASSIFIED

5. Originator Advisory Group for Aerospace Research and Development
North Atlantic Treaty Organization
7 rue Ancelie, 92200 Neuilly sur Seine, France

6. Tide ADAPTIVE WIND TUNNEL WALLS: TECHNOLOGY & APPLICATIONS

7. Presented at

8. Author(s)/Editor(s) 9. Date

Various April 1990

10. Author's/Editor's Address 11. Pages

Various 152

12. Distribution Statement This document is distributed in accordance with AGARD

policies and regulations, which are outlined on the
Outside Back Covers of all AGARD publications.

13. Keywords/Descriptors

Wind tunnels - -.,Algorithms.
Walls Streamlining
Adaptive systems Aerodynamic characteristics -

Unsteady flow.

14. Abstract

This report presents the results of a studyby Working Group 12 of the Fluid Dynamics Panel of
AGARDIon adaptive-wall wind tunnels. This presentation reviews the history and state of the art
of adaptive-wall technology, with regard to both the various streamlining algorithms and the
existing adaptive-wall facilities; discusses limitations and open questions of adaptive-wall methods
and compares them with passive-wall correction techniques; assesses residual wall interferences;
presents the prospects for high-productivity and unsteady flow testing with adaptive walls; and
makes recommendations for future developments. 'he participants in WG 12 represented Canada,
France, Federal Republic of Germany, Italy, Netherlands, Turkey, United Kingdom and United
States.



CD 0

S .10 -0
U, I -, U i '

o 0 0
z~~~ U Ur

.00

<0 U

c< E0 .0 0 E 0

0 0S2o Cc

0 r

'0 -'a

16 SO00 6 0
> 'PO,

> s~

00 o0 0 ~ 0

p , 10 p0 00*

rd -

U ~ &

~<

_________________



-0

OPU

SJ 2

Z z

sE.

0 a
*0 z


